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ABSTRACT

The purpose of this preject is to develop methads for distrbution network power quality
variations manitoring. Power quality {(PQ) has become a sigrificant issue for bath power
supphers and customers. There have been important changss in power system regarding o
power quality requirements. "Power quality” is the combinalion of voliage qualily and current
guaiity. The main research problem of the projact is 1 investigate the powar guallly of a
gistribution natwork by selection of proper measurement, applying and developing the
existing classic and modern signal conditioning methods for power distiibance's parameters
extracting and monioring. The research objectives are:
- To study the standard IEC 61000-4-30 requirements, o investigale the common
couplings in the distribution netwark.
- Toidentity the points for measurement, to develop MySQL database for the data from
the measurement and to deveicp MATLAB software for simulation of the network.
- To davsiop methods based on Fourier transforms for estimation of the parameaters of
the disiurbancas.
- Todavaiop software for the methods implementation.

The influsnce of diffgrent loads on power gually disturbances are considered in the
distribution network. Points on the network and meters according to the [EC power guality
standards are investigated and appiled for the CPUT Belivile campus distributicn netwark.
The implementation of the power guality monitoring for the CPUT Belivile campus heics the
quality of power supply 1o be improved and the used power o be reduced,

H

MATLAB programs o communicate with the galabass and caicul

ato the disturbances anc

powser quality parameters are developad.
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is the Hilbert space.

is the set of approximate coefficients
is the set of j-level detail coefficients
is the scaiing function coefficients

Is the wavelet function coeliicients
is a short-term flicker severity

is the magniiude of apparent power

is the magnitude of the active power
is the magnitude of the reactive power
is the root mean square voitage

is the mean square current
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is the calculated power factor value

is the measured power factor value

coeffierents

is the number of samples within the measurement
window T

order of harmonic is hf,
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BACKGROUND, AlM, AND OBJECTIVES OF THE THESIS
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1. Awareness of problem

Power systems operate with a constant line voitags, supplying power to a wide varlety of load
equipment. Power levels range from small watls to msgawatts and the voltage at which the
energy is generated. fransported, and distribuiad in the range from hundrads of volts 1o kilovelis,
Transmission and distribution of power are made at high voltages. irom t&ns o hundreds of
Kiovoits, In order to provide efficient and economic tfransportation of the ensrgy over fong
distances. Aecanily, Power quality (PQ) has become a significant issue for both power suppliers
and customers. There have been important changes in power system ragarding {0 power quality
impertance. There are different definitions of power guallly connacting it with the equipment of
the power systemn performance. The definition accepted in the thesis is as in (Bulien et al,
200:6) “Powsr quality” is the combinalion of voitage quality and gurrent gualily. Veltage guality
is concernad with devigtion ¢f the actual voltage from the ideal voitage. Current gquality is the
equivalent definition for the current.

The ideat voltage is the sinuscidal one with constant amplitude and constant frequency, bott
equal to their nominal values. Voltage and current disturbances are connected but it could be
said that the vollage disturbances originate in the power network and potentially affect the
customers. The curent disturbances originate with the cuslomars and potantially affect the
network.

The iollowing issues are very important in the operation of the power system today:

* |Increased awareness of powsr guality issues by the end users.

e Customers are belter informed aboul such disturbances as interruptons. sags and
switched transisnts.

e Less tolerant equipment toward voltage guality disturbances. Less toigrant preducton
process towards incorrect functioning of the ecuipment and loss wierant companies
towards ths production stoppages because of the increased costs paid.

Some of the characteristics of the powsr system disturbances in the las! years are:
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+ The main reasons for equipment malfunction are the interruptions and voltage dips.

+ integration of the power processes means that the failure of any component has much
more important consaguencss.

» Load equipment is more sensitive to power quality variztions than eguipment agpiied in
the past. Many new iocad devices contain microprocessaor-based controls and power
electronic devices that are sensitive 1o many typas of disturbances.

. Equ%pmenﬁ produces increassd the current disturbances than before. Use of energy
efficient equipment as adjustaple-speed drives and erergy saving lamps creates
waveform distortion.

* The increasing emphasis on overall power system efficiency has resulied in a continued
growth in the appiication of devices such as high-efficiancy, adjustable-spesd motor

drivas and shunt capaciiors for power factor correction to reduce lossas.

It used to be with large AC power systems that “power quality” was an unheard-of concapt,
aside from power factor. Loads controlled by noslingar electronic components are becoming
more prevalent in both home and indusiry, meaning that the voitages and currents in the powsr
system feeding these loads are rich in harmanics. Clean sine-wave voltage and currents are
becoming highly distorted, which is squivalent 1o the presence of an infinite series of high-
frequency sine waves at muliiples of the fundamental power hne freguency. Excessive
harmonics in an AC power system can overheal transformers, cause exceadingly high neutral
conductor currents in three-phase systems, create electramagnetic noise In the form of radio
emissions that can interfere with sensitive elecironic equipment, reduce electronic motor

horsepower culput, and can be difficul to pinpoint.

On the basis of the above the lechnical aim of power network becomes one of allowing the
transport of glectrical energy between the different customers, guaranieeing an acceptable and
quality voltage and currenis to be taken by the customers. This means thal the problems for
measurement and maonitoring of the quality of the power system are imponant in these days.
They require proper, esonomic and fast solution giving possitiities for application of different
mathods for mitigation and control of the appearing disturbances. Tha numbsar of papers and
research raports in the field of power guality is growing every yaar, but the problem is sl not
very weil understocd and investigated. The new measuring and computer technoiogies aflow
automatic measurement and progessing of large amount of data which enables an accurale
guantification of the power quality. The research work on the projsct is based on thess new

technologies tor power system quality measurement and menioring which can be groupad as

2 ’



methods of signél processing/ digital signal processing. The fundamental signal processing
methods used in practical power Guality maniforing are the discreta Fourier transform (DFT) and
rms. Lately many new methods have appeared. The research question of the thesis is how
signal processing methods are applicable and how further they can be developed and applicd
for monitoring and analysis of a distribution network with different type of loads and one supplier

of power ensrgy.
1.2 Statement of the problem

Power quaiity becomes an imporiant concern o customers as well as viities and faciities. New
power guality problems such as sag, swall, harmonic distortion, unbalance, transient and flicker
may impact on customer devices and cause malfunctions,

The main rescarch problem of the project is fo investigale the power guality of a distributicn
natwork by sslection of proper measwement, applying and implementing the existing classic
and modern signal conditioning methods for power disturbance's parameters extracting and

monitering.

1.2.1 Design based sub-problems.

1.2.1.1 Sub-problem 1: Problem Categorisation

Tha proposed research project is mainly focused on power quality. Measurement and moenitoring
powsr qualily (PQ} covers a wide range Issues Irom voltage disturbances ke sags, swells.
outages and fransients io current harmonics, ¢ performance wiring and grounding. These
problems are studied and the research papers considering the problems for power guality

disturbances measurement and monitoring are reviewead and compared.

1.2.1.2 Sub-problem 2: Identify power quality problems in a distribution network and
provide proper measurements of the voltage and current disturbances

Fower quality disturbances should bg measured and assessed.

The influsnce of different icads on power quality disturbances are considered in the distribution
network. Points on the network and meters according to the IEC power quality standards are

investigated and applied for the CPUT Beliville campus distribution network.



1.2.1.3 Sub—prob'!em 3: Power quality database creation
The data from the measurement al differeni points of the nebawork are saved in the crealed
MySQL database.

1.2.1.4 Sub-problem 4: Implementation of signal processing methods for identification
and estimation of the parameters ot the disturbances.
The clgssic methods of Fourler fransiorm are investigated and applied o the dala from the

measurement.

1.2.1.5 Sub-problem 5: Implementation of calculation procedures for evaluation of power
quality parameters.

1.3 Software Implementations sub-problems.

1.3.1 Sub-problem 6: Implementations of MySQL database.

MySQL daizbase is crealed and ali dala of meastrements is saved in il

1.3.2 Sub- problem 7: Implementation software for application of the signal processing
methods.
BATLAB programs are implementad for communication wilh the database and calculalion of the

estimated disturbance parameters using Fourer transiorm.

1.3.3 Sub-problem 8: Implementation of software for calcutation of power quality
parameters
MATLAB pregrams are implemeanted for calculation of power quality parameters using the data

from maasuremant,

1.4 Research Aim and Objectives
1.4.1 Aim

The aim of the ressarch project 8 to implement methods, algorithms and scftware for
measurements, analysis and monitoring of the power quality disturbancas on the basis of the
EC 61400-4-30 standard.



1.4.2 Research objectives

1} Study of the standard {EC §1000-4-30 requirements.
2) tnvestigation of common couplings in the distribution natwork. Identification of the points for
measurement.
3} implementation of MySQL dala-base for the data rom the measurement.
4} implementaticn of signal precessing metheds for:
. lnves'{igat%én of current distortion by cusiomers.
» Investigation of harmonic distertion as a main disturbance.
*»  Determining the frequency variations,
+ Determining the voltage variations.
»  Determining the voltage fuctuations.
» Dstermining the voltage unbalancs.
51 Implamentation of MATLAB software for disturbance parametars estimation.

1.5 Motivation for project

Recently, Power quality (PQ) has become a significant issue for both gower suppliers and
customers,

Power guality is very imporiant because of sensilive equipment used in homeholds, schools,
universities, cliices, restaurants and shops. There is alse a concern about premature icss of
eguipment life due fo harmonics, voltage fluctuations and system transients. So it bscomas
more impertant to precisely measure and menitor power quality, identify the causes and try to
come up with solution of power qualily corruption, The project identifies the distribution netweork
power qualily problems and determines their charactaristics. The Implemenied software will be
included as a part of the menitoring and control system for the reticulation network of the

Beilville campus. 't will help o reduce the energy consumption and #s cost.

1.6 Delimitation of Research

1.6.1 The research is mairly based on designing and implementation of proper measuramant,
monitoring and anzlysis of Powsr guality {PQ) of a distribulion network. Power quality of

generation and transmission are not considered.

1.6.2 The research work considers every disturbance as a power qualily issue, The definition of
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the quality is diﬁerent from some previcusty used as “continuity” and “quality”. Continuity
includes interruptions, quality includes all other disturbances. The usead definition is different also
fram the used by the councll of European Energy Regulaiors term quality of sarvice electricity
supply which includes commercial quality, continuity of supply and voltage gquality {Bullen et al.
2006.6).

1.6.3 There is a difference between disturbance and interierence. The disturbance is a
phenomenon that can degrade the performance ¢f some equipment or system. Interference is
the actual degradalion of the eguipment or system caussed by the disturbance. The research

concentrates on the powsr gquallly disturbances.

1.6.4 The power quality disturbances can be classified as events and variations. Variations are
sieady stafe or guasi-sieady stale disturbances that gllow continuous measwrements. Evenls
are sudden disturbances with beginning and end. Vartation types of disturbances are mainly
considared in the thesis.

1.6.5 From a measurement point of view no difference wiit subsisls betwsen power quality
measurement and measuremeant of voltages and currents for pretection or contro! purpose. The
difference is in the further processing and application of the measured signals.

1.8.6 Most power systems consist of three phases, bul in the analysis of power guailly they are
not considered as such because of

* The system veltages are balanced and a single phase approach is sufficient.

« The standards apply to devices, mest of which are single phase.

* The three phase requirement makes the approach very difficult.
The only phenomenon treated in & 3 phase sense is unbalance. 1t is censidered in the thesis.

1.7 Assumptions

+  Measurement of powsr quality data at the various selected points in a power system will
he possible,

« The points for measurements are selected accarding to the IEC power guality standard
{EC B100-4-30.The requizemenis of the standard are encugh for adequale dentification
and estimation of the disturbances.

» The sampied and digitized vollage and current wavelorms are availabls for processing.
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» The measured signals have staticnary statistical characteristics and can be representad
by fime invariant modsls,

= MATLAB software will be capable to simulate all types of power quaiity distirbances.
1.8 Hypothesis

Measurement of the current and voltage at selected points of the distibution network can give
enough information for identification of power quality disturbanges and estimation of their

parameters.
1.9 Methodology

The research follows the methodology of the gower quality monitoring. it consists ¢f combination
of technologies from the analog voltages and currents measurament tili the technclogises for post
processing and calculations of the characteristics of these measured waveforms. The
measuramentis are done using metlers called power quality moniiors with the help of instrument
transformers. The post processing is done in a compuier.

1.10 Literature review,
1.10.1 Definition of Power Quality

Various sources give different and sometlimes conflicting definitions of power quality. Power
Guatly is the combination of voltage quality and current guality. Voltage quality is concerned with
deviations of the actual voltage frem ideal voltage. Current quahty is the equivalent definition for
the current. A simple and straightforward solution is 1o define the idaal veitage as a sinuscidal
voltage wavelorm with constant amplitude and constant frequency, where both amplitude and
frequancy are equal 1o thelr nominal value. A disturbance can be a voltage disturbance ¢r a
current disturbance, but it is often not possiole to distinguish between two. Any change in current

gives a change in voliage and the other way around {Bullen st al, 2006:8).



Power Quality 1?0_} covers a wide range of disturbances like:

¢ Filicker

*  Voltage sweils

* Transient voltage behavior

» Harmonic

*  Supply interrugtions
The symploms oj poar Power Quality include Intermittent lock-ups, resetls, corupted data,
premature equipment failure, over-heating of components for no apparent cause. The ultimate

cost is in downtime, decreased productivity and frustrated nersonnetl (Bullen et &l 2005:81,
1.10.2 Power Quality disturbances

1.10.2.1 Flicker

Loads which can exhibit continuous. rapid variations in the load current magnitude can cause
voltages that are ofien referred to as flicker. The term flicker is derived from the impact of the
voltage fluctuation on lamps such that they are perceived 1o ficker by the human eya. To be
technically carrect, voltage fluctuation is an electromagnetic phenomeanon while flicker is an
undesirable result of the voltage fluctuation in some loads. However, the two terms are often
linked logsther in slandards. The flicker signal is dsfined by #s root mean sguare (rms)
magnitude expressed as a percent of the fundamenta!. Voltage flicker is measured with respect
to the sensitivity of the human eye. Two types of loads lead to fight flicker.

» ioads that provoke separate voliage changes are heating and cooling loads. They have
very short duty cycle. Loads with electical motors arg the worst-case as air conditioners
and refrigerators, large photocopies. The light flicker s due to repetitive evenis,

+ ipads for which the current changes continuously are furnace arc and resistance
walding, traction load. wing turkines. This is light flicker dus 10 fast current variations
{Dugan et al, 1996:27).



1.10.2.2 Voltage swells

Vgoltage swell along with extended undervoliage conditions and veltage harmonics are of vital
concarn to the majority of industries today. A swell is defined as a decrease or increase in the
rms value ranging from a half cycle to a few seconds. As with sags, swells are usually
associated with systemn fault conditions. but they are not as common as voltage sags. Swells
can also be caused by swilching off a large load or enargizing a large capacitor bank. Swells ars
characterized by their magnitude (rms value} and duration. The severity of a voltage swell during
a fault condition is a function of the fault location, systerm impedance and grounding. On an
ungrounded system, with infinite zero-sequencs impendence, the fine-to-ground voliages on the
ungraunded phases will be 1.73 per unit during a SLG fault condition. Therefore, it is important
to know what levels of abnormal voltage and for how long speciiic equipment will iolerate it

{Dungan et al. 1896:2331.

1.10.2.3 Harmonics
Harmonic is a sinusoidal component of a periodic wave having a frequency that is an integral
multiple of tha fundamental frequency. Electrical generalors try to produce efectric power wher
tha voilage wavelorm has only one frequency associated with it. the fundamental frequency. The
fraquency of the harmonics is different, depending on the fundamemat frequency. For exampie,
the 2™ harmenic on a 60 Hz system is 2x60 or 120 Hz. At 50 Hz, the second harmonic is
2x50 or 100Hz. 300Hz is the 57 harmonic in 60 Hz system ar the 6" harmonic in a 50 Hz
system. Harmonics cause different probiems:

s Heaiing effects

*» Resonance _

s Very high currgnt in the neutral {vector ardition)

*  Vibration

s Electromagnslic interference.
In order (o be gbile 1o analyze complex signals that have many different fraquencies. a number of
mathematical mathods were developed. One of the more popular is calied the Fourler Transtorm
{Bullen et al, 200619}

1.10.2.4 Harmonics distortion

The uses of nondinear loads in power networks changss the sinusoidal nature of he ac power
current {and consequently the ac voltags drop), ihereby resulling in the flow of harmonic
currents in the ac power system that can cause interdference with communication circuils and

other types of equinment. The effect ¢f the nonlinear and time-varying loads can be amplified
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under certain conditions of the electrical natwork, for exampls by resonances. The resonam
conditions may resuit in high levels of harmonic voltage and current distortion whan the resonant

condition ocours at a harmenic assoried with nonlinear loads (Reza et 1,2001:{ pp 185-184)1.
P

1.10.2.5 Total Harmonic Distortion and rms Vatue

Thera are several measures commenly used for indicating the harmenic content of a wavetorm
with a single number. Cne of the most comman is Telal Harmoenic Distortion (THD), which can
be caloulated for either voitage or current. THD is a very useful guantity for many apphications,
cut its Himitations must be realised. I can provide a2 good idsa of how much extra heat will be

realised when a dislorted voltags is applied acrose a resistive load (Dugan et al, 18661261,

1.10.2.6 Harmonic resonance

Hz'moric rascnance can cause normal levels of current harmories to produce unaccectziie
rosults. Amorg those resuils are ielephone noises. overhesled transformers and fafled power
factor correction capacitors. Determining which glements in the power system are responsibio
for harmonic resonances I therefore very important to power sysiem engineers.Beforg relizble
digital comguter simulations of harmonics were available, utilily crews would simply go to the
fiald, remove capacitors from the system. reinstall them elsewhera. and hepe that the problem
was rescived. This same process is still used, only now digital computer harmorndcs simalations,
such ag the Elegiromagnetic Transients Program (EMTP), are used o analvze the efiecls of

mioving capaciters on the system {Reza et aL.2001: pp 165-18411.

1.10.2.7 Power and Power Factor

Harmernic distortion compiicates the compuiaticn of power and power faclor bacause ths
simphifications power ergineers uss for power I"equency analysis do not apply.

Thers gre three standard quaniities associated with power:

Aoparent power. § The product of the rms voltage and corrent,

Active power, P. The average rate of delivery of erergy

u‘
3
o
&

a
2
3
=

Reactive Power, Q. Ths portion of the apparent powa- that is eut of phasa, o
the acrive power.

At fundamental frequency. it is common to retale these quantities as toliows:

S:Vrms Irms H 12
S=P +Q +D° 1.2
P=S5 cos8
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O=5sinf

Where #= phase angle between voltage and current.

D represents the additional contribution to the apparent power by the harmonics.

The factor cos@ is commenly called the power lactor. However, a more correct definition is fo
simply define the factor (PF} as

pr-L (1.3
5 L

-

S and P are unambiguously defined even with distorted voliage and current, while thers is no
clear concept of phase angle that applies to the mullipie-frequency situastion {Cugan et al,
1956:129;).

1.10.2.8 Effects and Negative Consequences

High levels of harmonic distortion can jead o prodlems for the utiity's distribution system, piant
distribution syslem and any cther equipmant serviced by that distribution system. Effects ¢a
range from sputicus operalion of equipment 1o a shutdown of important plant equipment, such
as machings or assambly finss.

Harmonics can lead {o power sysiem ineificlency. Some of the negative ways thal harmonics
may affect plant equipment are listed below:

s Conductor Overheating: a funciion of the square rms current per unit volume of the
conductor.

« Capacitors: can be affectad by heat rise increases due to powsr 0ss and reducaed lifg
on the capacitors. I a capacitor is tuned o one of the characisristic harmonics such as
the 57 or 7% overvoitage and resonance can cause dielectic failure or rupture the
capacior

» Fuses and Circuit Breakers: harimonics can causs false or spurious ogerations and
trips, damaging or blowmg compenents for no apparant reascn.

s Transformers: have increased iron and Copper losses or eddy currents due o siray fiux
iocsses. This causes excessive overhealing in the transtormer windings. Typically, the use
cf appropriate * K factor” rated units are recommended lor non-inear loads

+ QGenerators: nave similar preblems to transiormers. Sizing and coordination is critical 1o
the speration of the voitage regular and conirols. Excessive harmonic voltage distortion
will cause muitiple zero crossings of the current waveform. Muitiple zero crossings effect
the timing of the vollage regulaior, causing interference and operation instabilily.

s Utility Meters: may record msasurements incorrectly, resulting n
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consumers.

s Drives/ Power Supplies: can be affecied by misoperation due 10 mulliple zero
crossings. Harmonics can cause faillure of the commutation circuits, found in OC drives
and AC drives with siiicon conirolied rectifiers {SCRs).

* Computetrs/ Telephones: may experience interference ¢r failures (Square D preduct
Data Bulietin1994:.4).

1.11 Power Quaiity measurement

Measurement of voltages and currenis is necessary for menitoring of the powsr quality. The
difference is in furlher processing and application of he measured signhals. Power gualily

measurement is parformad o

s Find the cause of eguipment maliunction and other powser gquality problems at ths
intairate with the customer. The recorded waveforms are analyzed and inlerpreted.
*  Parmanent and saimi permanent measurement to monitor the network and ts analyze the

system avents.

The simplest way (o determine power guality without sophisticated equipment is o compare
voltage readings between lwo accwate volimelers measuring the same system voltage: one
meter being an averaging type of unit (such as an electromachanical movemant melsr) and the
other being a true-BMS type of unit { such as a high-qualily digital metar). Averaging type
meters are calibrated so that ihe scales indicate volts RMS, based on the assumption that the
AG o baing measured is sinusoidal. 1 the vellage Is anything but sinswave-shaped the
averaging meter will not register the proper value, whereas the rue-BM3 meter always will,
regardiess of waveshaps.
Another qualitative measurement of power quaity is the oscilloscope test connact an
oscilloscope Cathade Bay Tube (CRT) to the AC voitage and observe tha shaps of the wave.
Measuremeni covers:

« Singla phase-1 vollage: Single phase power systems are defined by having an AC

source with only ona voltage waveform.
» Three phase -3 voltages: Three phase is nothing more than single phase with two extra
s slightly out of phase with tirst.
« Current measurement: Small currenis in HY circuitry can be measursd by the usual

means. resistors across which the voltage is measured or ransformers. {Luis et al
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2005:12).
1.11.1 Types of instruments

Although instruments have been developed which measure a wide variety of disturbances, a
number of different instruments are ganerally necessary, depending on the phenomena being
investigated. Basic categories of instruments which may be applicable includa:

*  Wiring and grounding tast devices

»  Muitimeters

» Oscilloscope

» ([isturbance analyzers

»  Harmonic analyzers/spectrum analyzers

+  Compination dislurbance and harmonic analyzers

s Flicker meters

+  Energy monifors (Dungan et al, 18956:233).

The measurements done in the thesls is according to 1EC 8100-4-30 measurament standard.
The standard delermines the metheds io be used for caleviation of the power quality variations.
The standard supports two types of instruments: From class A and class B performancs. The

class A is for precise measuwrements ior contractual appiications. verlfying compliancs with

standards and resclving disputes. Class B is for less precise measuwrements for siatistica
surveys and troubleshooting applications.

The most of the measuremants in the thesis is done with class A moasurements insirumant
1.12 Power Quality Monitoring by installation of the meter-monitors

Power quality monitoring beyond the initial site survey is performed to characterize power quality

variations at specific system locations over a pericd of time. The monitoring requirements
dapend on the particular problem that is being experienced. For instance, problems that are
caused by voitage sags during remota faults on the utiiity system could require menitoring for g

significant lengih of tme because system faulls are probably rare. I the problem invoives
capaciter switching, it may be possibie to characterize the cenditions over the period ¢f a couple
days. Harmonic distertion problems should be characterized over a pariod of at least one woek

to get a picture of how the harmonics vary with ioad changes [Dungan el ai, 19861233
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1.121 Choosing a monitoring location

It is best o start monitoring as close as possible o the sensitive squipmeant being affected by
power quality variations. I is important that the monitor sses the same varigtions ihat the
sensitive equipment sees. High-frequency transients. in particular, can be significantly different if
there is significant separation bstween the monitor and the affected equipment (Dungan et al,
1886:234).

1.12.2 Disturbance monitor connections

The recommended practice is to provide input power to the monitor from a circuit other than the
circuit to be monifored. Some manufactures include input filters or surge suppressors on thelr
power supplies that can aller disturbance data if the moenifor is powered from the same cirguit
that is being monitored. The grounding of the power disturbance monitor is an important
consideration. The disturbance monitor will have a ground connection far the signal to be
monitored and a ground connection for the powsr supply of the instrumant. Both of thess
grounds will be connected to the insirument chassis. For safety reasons. both of these ground
terminais shauld be connccled 1o earth ground, However, this has the potential of creating
ground toops if different circuits are involved (Dungan et al, 1808,234),

1.13 Power quality monitoring by signal processing methods

The process of power guality monitoring is based on application and development methods of
the signat processing. The steps of the process of analysis are:
s Choice of fealures for characierizing of variafion,
Magnitude of the voltage and current waveiorms can be done by measuraments. The
severity ¢of the vollage and current variation has 10 be done by signat processing as the
absolute values of the complex voltage and currsnt, the rms . the peaks calculations,
The choices as the sampling frequency, the length of the window ovar which the
characieristics arg extractad. the choice of the measurement method agoording 1o 1EC
standards are important.
« Distinguishing between a variation and an event Dy appropriate selsclion of triggering
mechanism. The method using companson of a sliding window s value with tne
threshold value can used. This reguires szlection of the size of the window. the overlap

between the successive windows ang the choice of the threshold values.
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* Classification of the events according to thelr underlying causes on the basis of extractad

features.
1.13.1 Methods to reduce influences of disturbances.

The following methods are described in the fiteraiure,
* Voltage Regulation
Solutions:
- Tap changing on the supply transformey
- independent generstor
- Constant voltage transformer
* Unbalance
Solutions:
- Distribuls single phase loads equally across the 3 phases
- Chack three ghase loads for fauits on one ¢or more phases
¢ Harmonics
Solutions:
- In-line inductors or chokes
- Pagsive filter {Combination of resisiors, capacitors and inductors}
- Active Blters (switch capacilor}
* Flicker
Solutions:
- Passive fillers
- Static Var compensalor
- Increasing the supply fault level
- Transients
Saolutions:
- Surge arresfors and transient vaitage suppressors
- lsglation trapsformers
- Low pass fitter {(Luis ot a1, 2005:23]
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1.14 Methods for modelling disturbances

Disturbance modeting under powsr quality. requires good equipments to detect different
disturbances that may be localized in a wide time-frequency range. Applying multi-resolution
analysis, the distorted signal. £(1) e L*(R), can be presented as a series expansion by using a

comiination of these scaling functions and wavelets functions as:

i o
F@Y=2 ()0 —k)+ 2" > d (k)2 (2t k) (1.4}
3 k j=0
Whers, L*(R)is the Hilbert space.
c;{k)is the set of approximate coefficients and d (k) is the set of j-level detall coefficients
and mathemalicaliy presentad as:

¢, (k) = (f(0),9,,(0) =D hlm=2k)c,, (m), {1.5)

d, (k) = (f@LW, () =Y k{m-2k)c,, (m), (1.6}

where h(n) are the scaling function coefficients and h (n) are the wavelet function cosfficients.

This technigue is implamented 1o the learn dissimilar cases on the Adagio Audio Distrivution
System {AADS). “The geal of these applications is fo emphasize on the efficiency of the
proposed technique in modeling different disturbances during the following cases®(Gounda,
AM.2006:2)

1. Compatibility maasures of utility service and the sensitive equipment during faulls

in & multi-owner system.

2. Multi-Stage Capacilor bark swilching in distorted environment (Gounda, A.M.2006:2)
1.15 Qutline of Chapters

Tha thesis consists of eight chapters describing the concepts davelopment and the resulls of the
rosearch.
Chapter 1 brisfly preserits tho definition of power guality, background. aim, and cbjectives of the

thesis.

Chapter 2 briafly describes the characienistios of different power guality distubances and the

important of power quakly in these days.
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Chapter 3 1t briefly discusses the process of power quality monitoring and steps shouid be
followed to monilor the power quality for example the instaliation of the maeter-monitars and

chicGsing a moniiaring location.

Chapter 4 discusses the power qualily standards and power gualily measurements. where the
power quality standards give guidelines for contractors and consuitants dealing with electrical
power quality, while power guality measuremenis make it possible to obtaln the most relable
and comparable results depending on the instrument being used.

Chapter 5 discusses the data cellection

Chapter 6 describes the power qualily characteristics using the measured and saved in MySQL
database data from Cape Peninsula University of Technology network. MATLAB programs to
communicate with the database and calculate disturbances and powsr guality indicators

paramelers are developed. Resulls from caloulations are shown,

Chapter 7 Describes two ways of generating data for application of Fourier transform using
Simudink model and an injector. Fourier transform algorithm is described and software for

galculation of harmenics is developed. Resulls from calculations are shown,
Chapter 8 Gives framework of the prolest deliverables, conclusions, and future research work.
1.16 Conclusion

This chapter discusses the research project aims, ressarch obiectives, research methods and
literature revisw of the project. The project is about invastigation of powsr quality. Power quality
is considered as part of the modern, customer based view on power sysiems and is defined as a
combination of voltage and current quality. A distinction is made beotween two types of
disturbances: variations of the voliage and cufrent and events of the voltage and current. The
methads used to analyse the power quality for these twe types of disturkances are different.
Signal processing tachnigues form an impordant part of the power gquality monitoring. With thelr
nelp the features of the variations and events arg extracted. Signal processing methods for
estimation of powsr quality disturbances developed and applied for the distribution network of

the Beliville campus CPUT. The methods wilf be inciuded as a part of the softwarg of the
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network controf center.
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CHAPTER TWO

POWER QUALITY
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2.1 Introduction”

This chapter discusses the imporiance of power quality. The infiuence of different loads in the
distribution network on powar quality is considered. Poinis for powsr qualily measurament on
the network according o the EC powsr qualily standards are investigated and applisd for the
CPUT Beitvitie campus distribution network.

2.2 Power Quality

Customers and power suppllers face some problems with power gualily caussd by some
electronic devices which are very common. The present eguipment setups and devices used in
commercial and industrial facilities, ke power slectronic devices, digital cameras and computers

are sansitive to many types of power disturbances.
2.3 Symptoms of Poor Power Quality

¢ Voltage sags and swells, it is when lhe voltage is tog high or very tow for the pericd of
saveral cycies to a couple of minules.

+ Momantary outages, which cause completely interruptions of elactrical powsr service for
up to a couple of minutes.

*  Vellagse spikes —produce a tamporary increase of a current flow.
2.4 Why Power Quality is Important. Types of disturbances.

Power quality is very impertant these days because of the use of mere sensilive electronic
equipment. All electronic eguipment cperates on AC power. 5o AT power supply generales and

defivars electrical powsr preblems or disturbances o those sensitive equipments. Scme

Y

Eimie
WL

dramatic ouiside of the buiidings scurces of disturbances are Hke capachior bank sw
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circuit braaker re-closures and equipment fallures, Inside sources include Hucrescent lighting
assembly linge equipment and alr condilioning. These produce diffferent type power gualily
disturbanges.

The different existing types of power qualily disturbances are shown in Figure 2.1

Power Quality
Waveform Transients Long duration Short duration
Distartion variations variations
Hatmanics | |Interharmonics |[Impulse Osdillary
Transients  § | Transisnts

Undervoltage Overvoltage Sustained
terruohion
Sag Flicker Intarruption | 1 Swel

Figure 2.1: Types of Power Quality disturbances.

2.4.1 Short Duration Variation

Short duration variations are divided into instantanecus. momentary. and lemporary. Short
duralion variations are aciually caused by the faull conditions, and the engrgizalion of large
loads which require high starting currents.

2.4.2 Long Duration Variation

Long duration variation is defined fo last longer than one minule. These variations are
categorized as undenvoiiags and sustained interruguon.
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243 Transienté

ransients can be power system variations where they signify an event that is undesirable but
momentary in nature. There are two kinds of power quality variations that can cause problems
with sensitive loads.
+ Events that gencrate abnormal system conditions in the power sysiem and the system
status may change from normal {0 emergency,
¢ Steady-slate variations — variations measured by sampiing the voltage or current gver
tirme.

There are two categories of transients: Impuise transients and oscillatory transients.
2.4.4 Waveform Distortion

it is devialion from an ideal sine wave of power frequency principaily characterizad by the
spectral contert of the deviation. Harmanics is one of the many types of waveiorm distortion [H.
S. Birdi 2006:28].

2.5 Linear and Non- Linear Loads

The higgest reason for peor power quality is the profiferation of the electronics devices. At the
forefront is the switched mede power supply. The switched power supgly is found in information
technology equipment fike computers, fax machines, faser printers, office coplers, ete.

A linsar electrical foad draws a sinusoidal current proporiional 1o the sinuscidal voliage as
shown in Figure 2.2{a). The reason for such behaviowr is thal the fingar loads do not depend on
the voltage % determine thelr impedance at a given frequency. These loads do not cause any
probiem to the retwork 1o which they are connectad or sther consumers of a ulility. They always

follow the Ohm's faw { Birdi 2008:30).
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&
* 1
a—Voltage onase
wrent urrent
B \/ o
{a) Linear load (t) Non-linear load

Figure 2.2: Voltage and Current Relationship for the Two Kinds of Loads (Birdi 2006:30).

Power glectronic joads do not atways foliow the Ohm's iaw. Unlike the linear loads they do not
gonsume power centinucusly. When a sinusoidal veitage is applied to a non-finear electrical
fcad, it does not draw a sinusoidal current. Also the current is not proportional to the applied
voltage. The non-sinusoidal current is due to the device impedance changing over a compiete
voitage cycle. Thase loads have the polential of distorling the supply vollage waveform and
might as well cause problems to other loads, for example, Figure 2.2{b) shows a sinuscidal
voltage applied 1o a solid state power supply. The current drawn is approximately zerc until a
critical firing voltage is reached on the sinusoidal wave. Al this firing voltage, the transisior gatss
allows current to ba conducted. The current increases untll the peak of the sinusoidal voltage
waveform is reached and then decreases until the critical firing voitage i3 reachad on the
downward side of the sine wave. The device shuts off and the current goes te zero. A second
negative pulse of current is drawn in the negative half cycle of the sing wave. The current drawn
is & series of positive and negative pulses and not the sine wave drawn by linear systems (Birdi
2006:30).

2.6 Description of the Power Quality Disturbances
tn general, Power Quality disturbances contain some several types such as Sag. Swells,
Interruption, Under-valtage, Over-veltage, Unbalance and Flicker, There are technigues used to

analyse Power Quality disturbances. Some of thase tachniques are Fast Fourler Transtorm

(FFT), the Shan time Discrete Fourier Transform (STFT), Wavelet Transtorm (WT) and s6 on.
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2,6.1 Voltage Ségs

Ancther name for vollage sags is calied voltage dips. Voliage sag can be defined “as a decrease
in BMS voltage af the powser frequency for durations from half cycles o one minute, It is
whersby the measurement of the voltage sag is declared as a percentage of the nominal
vohiage, which means that voliage sag to 80% is squivalent to 860% of the nominal voltage™.

2.6.1.1 Causes of Voltage Sags
Thundersiorms, blowing winds and ice slorms arg the most common {ealures that causs voitage
sags. The exampie of fightning which strikes on the pewer lines and continues 1o ground, is

shown in Figure 2.3

N
T T T T 77T

Figure 2.3: Lighining to overhead power lines

Example of line to ground fault is shown in Figure 2.4

=

B L
Figure 2.4: Line to ground fault,

Most of electronic equipment get corrupted because of lightning strikes and electrical equipment
fails due to overloading, ceble faults. The protective equipment will operate at the substation.

then the voilage sags will ba formed on the feeder lines acress the ulility system.

2.6.1.2 Solutions to voltage sags probiems
Utiities can take soma steps to reduce the harmiul effects of voltage sags. for exampis fault

prevention. The fault prevention includes some activiies tke adding fne arrests and free
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frimming.

Sclutions available o provide through capability to crucial foads
* Uninterruptable Powsr Supplies (UPS) is the solution that can be used.
= Magnetic synthesizars
+ ol hold-in device instailation.

*  Motor generator sets.

2.6.2 Voltage swells

1

Swells can be described as a converse form of sag, as AC voliage with duration of 0.5 cycles to
Tminute. Swells occur oocasionally, and then they cause light fiickering. equipment malfunction

and data errors. The reason is that nothing exists whhin this technology to fight the problem.

2.6.2.1 Typical Causes
» Swiiching on a large capacitor banks, removing large fpads and fault conditions can
cause voilags swails,
¢ Singls fine to ground fault on the system.
+ Sudden load decreases.

* Improper grounding.

2.6.2.2 Examples of Power Conditioning Solutions
»  Uninterruptible power supply {UPS}
« Power conditioner- is an electrical device that can clean AC power going 1o sensilive
elactrical equipment. it provides surge protection and noise filtering.
»  Voltage regulator- is an electrical regulator designed to maintain a constant voitage level.

It is used to reguiate one or more AC or DU voitages.



2.6.3 Interruption

The interruption can be defined as a faifure of supply voltage with the duration of 0.5-30 cycles.
Interruption due to the fault is shown in Figure 2.5

FCC
Line 1
VY -
Line 1 Impedence
L FuT
O
- Supply .
AT Supply Impedance ' line 2 R : Senstive
Line 2 Impedance Load
Line 3

Figure 2.5; Interruption due 1o fauit.

The interruption usually is caused by lightning strikes, trees, animals afc. Therz are many even's
that can cause the interruption, so i depends on the nature of the fault. If the power supply is
suddaniy shutdown. the electronic equipment can be damaged immediataly, Then cos! will be
associated with downtime, cleanup and restart, so the company will run with expenses. It can be
assumed that without proteciive measures, volfage interruplions can damage the sensiive

equipment ail the ime.

2.6.3.1 Solutions to help against interruptions in both effectiveness and cost
= Good design and reliability of the system,

» Distributors should always take measuremenis.

» Design methods are needed fo aliow the customer equipment to restart afler unavoidable

interruptions.
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2.6.4 Voltage Flicker

Voltage flicker is the power quality disturbance that is caussd by the continuous repetitive
voitage fluctuation. The continuous repetiive voltage fluctuation can cause the flickering of
lights. Loads draw morte current when they turned on and the voitage drop starts o apply. Most
of the time, residential consumers near to the large indusirial plants can experience the flickering
of fights and it can cause the egquipment malfunclion, and also feads the equ?gjmeni to
deterioration.

2.6.4.1 Typical causes
»  Infermittent loads
« Motor starting

« Arcfumaces {Sabin et al, 2003:3).

2.6.4.2 Examples of Power Conditioning Solutions
« Distributed static compensator.
s Adaptive var compensaior

» Transformer tapped higher voltage

2.6.5 Harmonics

Harmonic are already defined in the previous chapter that, "Harmonic is a sinusoidal component

of a periodic wavs having a frequency that is an integral multiple of the fundamental frequency”.

{Bollen and Gu, 200618}

2.6.5.1 Typical Causes.
Harmonics are really produced by non-linear loads in electrical power systems. Non-linear loads
suppose 1o draw current in proportion with the appiied B0 or 60 Herlz sinusoidal wvoltage
waveform. Harmonics releasing non-linear loads come from devices with power giectronics suct
as:

o Consumeér electionics.

e Adiustable speed molor drives.

+  Compuier eguipment

« FElactronic tighting bal

+ Welders
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2.6.5.2 Symptoms of harmonics

In order to know the harmanic that exists in electrical power system. attention has to be paid to

the following symptoms:

*

Capacitor failure.

Over-loaded neutral conduciors.

Failure of power factor correction capacitor,
Fatlure of elecironic eguipmeant.

Blinking of incandescent bulbs.

Excessive neutral current.

Neulral conguctor and terminal fajlures.
Transformer fallure.

Timing efrors in sensitive eleclronic equipment.
Failure of electromagnetic inads,

Biown fuses or circull Dreakers tripping repeaiadly.
Ovarheating of metal enclosures.

Power intadfarence on voice communicziion.

2.6.5.3 Measures to Reduce the Harmonics influence.

-

Harmaonic mitigating transformers,

Passive and active filters can be applied in specific situations. Passive harmonic fitsrs
are the most common ones and are cusiom-designed for the application or site.

Fiiter capachor barks.

in-line inductor or chokes.

Phase shifting (zig-zag) transiormars

Isplate harmenic loads on separate circuit.

12 pulses convertars. In this configuration, Figure 2.6, the front end of the bridge rectifier
circuit usss twelve dicdes. The improvament is that the 5§ and 77 harmonics are
transferred 1o a higher order where the 117 and 137 harmonics. This will minimizs the

magnitude of harmanics. but will not eliminate them
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Figure 2.6: Typicaf Twelve-Fulse Front End Converter for AC Drive
» Harmonic Trap Filters -Filters are tuned to cancel for a sirict harmonic such as the 87, 77

11", Harmonic rap filters provide true distortion power factor correction, Figure 2.7

Figure 2.7: Typical Harmonic Trap Filter.
2.7 Harmonic Distortion

Harmonic digtortion Is actually found in both valtage and current waveform. Gurrent distortion
somstimas is created through the electronic foads, also called non-linear joads. Current
distortion is conducted through normal system wiring, so it forms voltage distortion. This current
distortion always affects the power system and distribution equipment. It directly causes the

LRI

gamage of loads o7 loss of product. Transfermers cverneat and fail even {f they are not fully

loaded.
Some example of harmenic dislortion is shown in Figure 2.8, It represenis z sum of the
istorted
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Fundamental pure
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3rd Harmonic

i

!
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¥
Harmonically
distorted sinewave
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Figure 2.8: Combination of Fundamental sine wave and the 3" harmonic
271 Total Harmanic Distortion and rms Value
There are several measures commonly used for indicating the harmonic content of a waveform

with a single number. One of the most commeon is the Total Harmonic Distortion (THD), which

can be calculated for either voitage or current {Dugan et al. 189611281

{2.1)

Where M, is the rms value of harmonic component k of the quantiyM . THD is 2 measure of
the effective value of the harmonic components of a distorted waveform. that is, the potential
heating value of the harmonics relative te the fundamental. The rms value of the total waveform
is not the sum of the individual components, but is the square root cf the sum of the squares.

THD is related to the s vaiue of the waveform as ioliows:
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rms = f fM;? = M, N1+THD® (2.2)
h=1

THD is a very uselul quantity for many applications, but its limitations must be realised. ¥ can
provids a good idaa of how much extra heat will be realised when a distorted voltage Is applied
across a resistive load (Dugan ef gl 1996:128).

A sinusoidal wave with a fraquency htimes higher than the fundamertal {hshall be an Integer)
is considered as a harmonic wave ard is denoted with amplitude and phase shift to the
fundamental frequency signal. The ratio between the harmonic frequency and the fundamental
fraquancy is called the harmonic order. Fast Fourier Transform (FFT) is used to anglyze the
distortad wavelorm into sinusoidal components of different harmenic order of amplitude and
phase shift. The following equation relates the ampliude and phase shift of h order of voltage
harmoenice (Chang and Ribseiro, 200188

U(t)=DC, + Y. Cy, sin(h21ft + y,) : 2.3}
=) .

Where,

DC,- DC Comporent
C,, - Amplituds of the hordered voltage harmenic
®,, - Phase shift of the hordered voitage harmonic

f - Fundamental freguency

The presence of harmonics is evaluated through Total Harmonic Distertion (THD).

THD voitage harmonics are asserted withTHD,. THD,is a ratio of the RMS value of the

harmonic voltage to RMS value of the fundamental voltage.(Chang, 1983:188):
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2.8 Recent papers review

A review of the recent papsers analysing different power qualily disturbances and proposing
sffective solutions is done. The papers are considered accerding 1o the ollowing criteria:

+ The type of system considered in the paper.

+  Type of the power quality disturbance analyzed.

» Neathods of characterdzing the considered disturhance.

¢ Tyoe of causes for the disturbance.

» Proposed solutions.

The results from the investigation are shown in Table 2.1.
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Table 2.1;Anaiysis of the Power Quality Disturbances

[Dan Sabin, Mark McGranaghan, Ashok Sundaram, (2009:3)]

A Systems Approach to Power Quality Monltoring for Performance Assessment

What type of system

Paw_er Quality
disturhancgs

Method of
characterlzing -

Typlcal causes

Example of power condltloning

solutions .-

Monnoring

Fpulse ransients

Transient disturbance

1) Peak magnitude
2 Rise tume
3) Duration

T Ligtnng

2} Electro-stalic discharge

3} Load swilching

4} Capacitor swilching

1} Surge arresters
2) Fllters

3} wolation ransformers

Moniaring

Osdillatory lransients

Transiont disturbance

1} Wavelonng

2} Peak magnitude

3) Freguancy componenis

HiLine/cable switching
2)Capacitor switching
3il.oad switching

1} Surge arresters
2) Filters
3) lsotation ransformers

Maonitonng

Sagsiswells

NS dislurbance

13 FAMS versus time
2} Magnifutie
31 Duration

1) Remote sysiem
2y faulhs

1)
2) Energy storage technologios
3) UPs

Farroresonant transformers

tamtornng

Irslerrupiions

BMS disturbance

1) Duralion

1} System protection
2} Broakers
3) Fuses

4) Mainlenance

1) Enargy storage technologies
M UPS
3) Backup generators

Kenitoring

Undervoltagess

Overvollages

Steady-state variation

23 RMS versus time

1) Stalistics

1} Kolor slarting
2y Load variations

3) Load dropping

1) Vollage reguiators

2) Ferroresonant transformers

Maunijoring

Harmonie distor:on

Steady-state variation

1} Harmonmes speckium
21 Total harmornic
distortion

3) Slalslics

1) Nonlinear loads

21 System resonance

1) Activer or Passive liflors

2} Transformiers with cancolialion or 2er

SCEAUENGE COMPOnenls
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Monitoring

Voltage Hicker

by Varialion ningnituce
2} Frequency of
QRGN

3) Modutztion frequency

1) Intermitient loads
2} Mator starting
3} Arc fumaces

1} Stane var syslems

[Christopher J. Melhorn, Mark F. McGranaghan {2009:2)]
Interpretation and Analysis of Power Quality Measurements

What type of system Powsr Quality Method of characterizing Typical causes Example of power
: disturbances ' conditioning solutions
Measurements Impsive lransients 1) Peak magnitude 1) Lighthing 1) burge drreslers

2)Rigo time
33 Duration

2) Claciro-static discharge
3 Load switchirgg

2) Fillers
3) Isolation
transformers

Ieasureminl

Oscilialory ransients

1y Waveforms
2 Peak magniude
3) Frequency componen|s

1) Line/caple switching
ZiGapaciior switching
Dload switehing

1) Burge arrestens
2) Filtars
3) Isolation

transicrmers

Measurement

Sagslewddls

Interpuplions

1) BME8 vs Timie
25 Magniiude
3 Buration

4} Duralton

1) Remaole syslem faulis system
protection (Breakers, fuses)

21 Mainlenance

1} Ferroresonant
transtormers

&1 Energy siorage
technologies

3 UPS

4) Backup generators

Measuremin

Undervolagos!

Ovorvoltages

1) RMS vs lime

2) Statistics

1} Motor starling

oY oad variations

1) Voltage regulators
2} Ferroresonant

transformenrs
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Measuremani Harmuonic 1) Harmanic spoctium 1) Nanimear loaos 1) Fillerstactive or
dislorion 23 Total harmonic Distontion 2} Bystemn resonance passive)
Dswtistics 2) Translormens
{canceliafion or zerg
sequence components)
Measurgment Vollage 1) Variation magnilude 13 Intermnitlont toads 1) Stalic var systems
2) Frequency of Ocourrence 2) Molor slarting
3 Modukation fredguoency 3} Arc furnaces
{Philippe FERRACCI 2009:26 )
Cahier technique no. 199, Power Quality
What type of system Type of disturbance Origins Consequences - Exampies of
' ' mitigation
solutions

Maonitorirg

Voltage variations and

[luchiations

Large load varialions {(welding

machines, 4re furndces, elc).

Fhrctuation in the luminance of

lamps{fhcker)

flectromechanical
reactive power
compensator, real time
reaclive compensator,
serles electronic
conditioner, lap

changer,
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Moritaring

Voltage dips.

Shor-circul, switching of large

loads (motor starling, etc.),

Disturirance or shutdown of
process: loss of data, incorrect
data, opening of contactors.
locking of drives, slowdown or
slafling of motora, extingulshing of

discharge lamps.

URS, real tinse
compensalor, dynamic
glectronic voltage
regulator, sofl starter,
series elncltronic
conditionar. Incressa
the shott-circuil, power
(Scc). Madiy the
diserimination of

proteclive devices,

Maniloring

Wilerrgptions

Shart-circuit, overouds,
maintenance, unwanted

HEVAIRPR

Disturbance or shuldown of
process: loss of data, incorrect
dala. opening of confackors,
Incking of drives, slowdown or
slatling of motors, exlinguishing of

discharge lamps.

UPS, machanical
source ranster, static
fransfor swilch, zero-
time sed, shunt cirguit
breaker, remole

managemeant.

Maniaring

Harmonics

MNon-lingar loads (adjustable
speed drives, arc fumnaces,
welding machings, discharge

iarmps, fluorescent tubes, efc.).

Overloads {of neulral conductor,
saurees, eie) unwanied tripping,
accalerated ageing, degradation of
enerqy efficiency, loss of

productivity.

Anti-harmonic choke,
passive or active filter,
hybiid fiter, lina choke,
increase the Sce,
Contain polluting loads.

Deorate the equipment.

FMonionng

Inter-hanmenics

waelding machinegs, efc).

frequoney inverlers.

Fluciuating loaus (are furnaces,

Interruption of melering sgnals,

licker.

Serigs reactance.
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Monitorng

Transien overvoltages

Cperation of swichgoar and

capacitors, lighining.

Locking of drives, unwanied

lripping, deslruction of switchgear.,

fire, operaling losses,

Surge arresier, surge
diverter. controlled
switching, pre-insertion
resistor, line chokes,
statie automatic

COIpensalor.

fAarklering

Vaoltage unbalanoe

Unpalance loads (large single-

phase loads, elc.).

Inverne motor Wwrgue (vibration)
and overheating of asyrchronous

rnachings.,

Balance the nads.
Shunl electronic
compensalor, dynamic
alectronic vollage

regulator. increase the

Sce.
{ A. Moreno-Munoz (Ed) 2002:12}
Power Quality Mitigation Technologies In a Distributed Environment
What type of system Perturbation Causes Typlcal effects .. Solution

[istributed environment

Vollage Variations

Load variations and other
swilching events that cause
tenvgg -t changes in the

syslom voliage,

Prematurn ageing. preheating or
malfunclioning of connectod

equipment

Linewvollage regulators .
UPS, Molor-generator

st

Distributed anvironment

Voltage TluctugtionstFlicker)

Arcing condition on the power

systein (e.g resistance welder

or an cleelne are funnce)

Dislurbing effect in lighting
systems. TV and monioring

equipiment.

Instaliation of filters,
static VAR systems, or
distribution static

COMpEnNsaAtors,
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Distributed environmaont

Transienis

Eiract ighining stiike 1o [he
building. Induced in the
distribution circuits by & nearby
lighining strike, Switching
evenls (e.q. capacilor, load
swilchingy. Switehing from (ault

cloaring..

tpsets barely noilcoable, wiih seit-

recovery like a olick in a soung
syslemn or a flash on g video
screan; upsel pormanent and
noliceable, requiring, manual
resel: blinking, clocks and VORs;
upsef parmanent but not readily

noliceabla: data corruption.

Transient & RES0rS
Transiant suppressors

Distributed anyionmeant

Sag(din)

Short interruptions of supply

Fault in the network or by

excessively farge inrush

Maltunclions of electronic drives.

converters and eguipment with an

UPS, constant-voltage
transformer, energy

vollage. currents. clectronic input stage. slorago in elecironic
equipment, new energy.
storage technologios
(SMES, flywheels.)
Distributed environment Swell Single-line ground {allures Trip-out of protective cireudry in Urs

(SLGY upstream tailuras,
switching off a large load or

swilching o a large capacitor.

50me power-electronic systems,

Powar conditioner

Cisiributed enyvaonmeant

Lorng interrupt:ons o supply

vollage

Digtribwition faulls

Installation tailures

Current dala can ba losl and the
systean can be conupted. After
interruption is over, the reboot
process, especially on a large and
comyplex system, can last for

several hours.,

uPs.
Digtributed energy

SCUICEeS.
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Distributed environmient

Harmonie distortion

Nomdineal indusirial loads,
variable-speod drives, welders,
large UPS sysiems, lighling
syslorng. Non lneal residential
and commercial loads:
computers, electronic devicos

and Eghting.

Overhealing and tuse blowing of
power-lactor-canection capacitors.
Overlieating of supply
Iranstormers. Tripping of
overcursent piotection.
Overheating of neutral condugions

and transfenners.

Passive and aclive

fillers.

Digtributed enviranment

Voltage wibalance.

Legs ihan 29 is unbalanced
single-phase loads on a thiee-
phase circull, capacitor bank
anaimalies sueh as a blown fuse
on one phase of a three phase
bank, Severe (greater than 5%
can result from single-phasing
conditions.

Overhealing of molors.
Skipping soma of the six hall-
cycles that are expoecled in

vaviable-speed drives,

To reasons the
allncation gt single-
phase loads from lhe

tMreerphase syslam.

[Dash.P.K. ,Panda, S.K., Llew, A.C., Mishra, B. , Jena, R.K. :1987]
Estimation of harmonic distortions and power quality in power networks

What type of Problem

Part of Power System

Softwares

Signal processing methods
used

Real-Time
Implementation .
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Most Trequency domain harmenic

Monitoring Hartmonic Distorion 1) Adaptive neural networks. Application of Kalman
) Numeral simulation  tests analysis techniques use discrele | filters, recursive LMS
using the EMTDG software. Fourier iransform or - fast Fourier | and RLS filters have

fransform 10 c¢biain  harmonic } bean feported in the
estimation of distorted signals. literature  for tracking
limg  varying  signals
smbedded in random
noise and decaying de

components.

[Chung, 11.Y., Won, D., Kim, J., Ahn, S., Moon,.S :2006]
Development of network -based power quallty dlagnosls system
What type of Problem Part of Power System Softwares .- - Signal processing methods | Real-Time :

S R ' s vt Jused o | implementation

Diagnosis systom Distrioution networks T RIDS  (realime  digital | 1) PQDS RTDS (roal-ime digital
simutator} 2} POMS simidator)

2) PSCAD EMTD,

s Positive
characteristics  of
the solution

The develbped PQDS
orovides  various  PQ
diagnosis functions that
can  give  suificient
information for users o
manage and improve
their power quality,

[Janik, P., Leonowicz,Z., Lobos,T., Waclawek, Z.:1999]
Analysis of Influence of power quality disturbances using a neuro- fuzzy system
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Monitoring Harmaonic Disiortion . 1) Adaptive neural networks, Most Trequency domain harmonic | Application of Kalman
, 2) Numeral simidation tests

using the EMTDC software.

analysis tec'hniques use discrete | filters, recursive LMS
Fourier transform or - fast Fourler | and RLS fillers have
transform to obtain  harmonic | been reported in the
estimation of distorted signals. literature  for  tracking
timg . varying  signals
embadded In  random
noise and decaying de
components.

[Chung, I1.Y,, Won, D., Kim, J., Ahn, 5., Moon,.S :2006]
Development ot network -based power quallty dlagnosis system

What type of Problem - . . | Part of Power System ' i Softwares .. . ... . ‘Signal processing methods -Real-Time..:.
Diagnosis syslom Fistribution neworks T RIDS  (real-ime digital | 1) PQDS RTDS (roakime d
simulator) 2) POMS simulator)
2) PECAD! EMTD. ’ »  Positive

characterislics of
{he solution

The developed PQDS
provides varous PQ
diagnosis functions that
can give  sufficient
informatlon for ysers 1o
manage and  improve
thelr power quatity.

[Janik, P,, Leonowicz,Z., Lobos,T., Waclawek, 2.:1999]
Analysls of Influence of power quality disturbances using a neuro- fuzzy system
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What type of Problem

Part of Power System

-| Softwares .

Signal processing methads -
used

| implementation

“ReakTime -

lﬂﬂuence of power quality

dislurbances

e Hardware

+  Instrument
transformers and
Capacilor banks,

+  Softwares

DLélribution networks

Neuro-Fuzzy syslem.

Véfilicalion of neura-fuzzy sysiem
fiexibiity and adaptabifty 1o
equipment  susceptibility patlers
was tested using pattems with
fransionts  and higher  order
harmonics.

Positive characteristics of the
solution

Important  advantage  of  this
approach {0 power  quality
assossment is the reduction of
data to be analyzed by a human

systern operalor.

In  somea case's lh'e
neurofuzzy output can
not he clearly
intgrpretad, but  such
condilions are rare and
do not overshadow the
gonerally right
reasoning of  such
system,

‘ [Dogan, G.E., Omer, N. G: 2003]
Power quality Analysis using an adaptive decomposition structure.

What type of Problem - -

Part of Power System’ -

__Sottware_s;. L

- __Slgna_l_ processing methods

used . i

{-Reat-Time :
‘| Implementation
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Adapilve
structure

Decamposition

*  Hardware

Transmission,
networks

Bistribution

MATLAB
Blockset

Sirmuling DSP

The adapiive melhod Is developed
1o detect and classify power quality
disturbances regardiess of the type
of the pre-event voltage or current
waveforms. The significance of the
proposed method is that it provides
a way of detecting  varlety of

Positive
characteristics of the
solution

The experimental
results  indicate  that
histogram based

analysis of the adaptive

events  withoul  changing the | decomposilion  outputs
structure. can clearly distinguish
evenls such as faulls
abrupt changes from
the steady state
wavelorms
[ Grifto, A., C arpinelil,G., Lauria, D., Russo, A.:2006]
An optimal control strategy for power quality enhancement in a competitive environment
“What type of Problem .- --..| Part of Power System Softwares : - . i o | Signal processing methods:. - | Real-Time -
: ; SRR Bl :Qséd_ 5 '.i'mpléniéﬁ;étlon_:'

An Optimal.contml strateqy | Distripution networks SymPowerSyswms . 6\‘ ‘Kalmc'an .filter baéed estimation | A co'nt‘ral s1.ra1ég§ for
MATLAB. technique, which enables an | an aclive compensator
accurate tracking of relovant | as well as an estimation

network stale variables, as well as
of harmaonic disturbances injected
inta the power sysiem.

technique of the state of
the distribution network
have been proposed,
bolh heing usetul in real

time opetating slage.

[Daigerti, L. M., Ciric,R.M.,:2006]
A new method for real time computation of power quality indices based on instantaneous space phasors
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Adaptive
slructure

Decomposition

*  Hardware

Transmission,
notworks

Bisiribution

MATLAB
Blockset

Sanulink Dse

The adapiive melhad is developed
1o detect and classify power quality
disturbances regardless of the type
of the pre-event voltage or current
waveforms. Tha significance of the
proposad method Is that it provides
a way of detecting variety of

Positive
characleristics of the
solution

The exporimental
resulfs  indicate  that
histogram based

analysis of the adaptive

evants  withoul  changing the | decompoesition  outputs
structure, can clearly distinguish
events such as faulls
abrypt  changes  from
the steady state
wavatorms
[ Griffo, A., C arpinelll,G., Laurla, D., Russo, A.;2006]
An optimal control strategy for power quality enhancement In a competitive environment

What type of Problem ... 1 Part of Power System::: | Softwares ... - | Slgnal processing methods = .} Real-Time .,
An Optimal control slrétégy Distribul'son networks SylnPowefSyslems of | Kaiman filer based estmation Aéohfrol' é1rategy for
MATLAB. technique, which  enables  an | an aclive compensator
accurate tracking of relevant | as well as an estimation

nelwork slaje variables, as well as
of harmaonic disturbances injected
inte the power syslem.

technigue of the siate of
the distribution network
proposed,
boih being usetul in real

have been

time operating siage.

{Dalgert, L. M., CIric,R.M.,:

2006]

A new method for real time computation of power quality indices based on instantaneous space phasors
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- | ‘Slgnal processing methods ;. | Real-Time - :
used - - i implementation -

What type of Problem - | Part of Power System | Seftwares

instantaneous space | Distribution networks MATLAB program Chbtained power flow resuklts are | Positive

phasors anglyzed using  (instantaneous | characteristics of the
space phasers) ISP mathod and | solution |

MATLAB The simulation results

show that the

inegralion  of  the
dispersed  generalion
(DG) into the
congidered  distribution
network (DN} Improved
fhg  system voltage
profile and decreased
the effeclive apparent
powet and
consequently the fine

losses.
[Yu-Hua Gu, |., Styvaktakis, E:2003]
Signal processing for power quality applications
What type of Problem - . | Part of Power System. . . | Softwares .. = ... | Signal processing methods" .. . | Real-Time g
T R N F IR SN SR Cebe ot fused e ] implementation !
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Slgnal processing

Distripution networks

fuzzy logic

Rims is defined for periodic signals,
although it is generally used to
extract 1he voltage magnitudes
from measurements which are
non-periodic. The following fonmula
is ly'pically used for caleulating the
s voltage over a muttiple of 1/2 ~
cycle of the power
1requency.v_ e _}r ';;'vm_).

Time-frequency wavefonmm

decomposition methods.

-The signals  were
generated by a
simulation program
(EMTP):
ﬁlactromagnetnlc
Trahsienits  Program)
using a  distibution
system of  capacitor
anergizing.

-High-pass lingar-phase
FIR filter

[Bollen, M.H.J.:2003]
What Is power quality

Power guality

Generalion,
distribution netwaorks

fransmission,

A more common way of tacking
the harmonic problam is by
installing fiters, lypically LGC-
series connections that shunt
the unwanled harmonic current
componants back to the load

“Reducing the number of taults
There are several well-known
méthods for this like tree-trimming,
animal guards and shieiding wires,
bul also replacing over-head lines
by underground cables. As most of
the severe dips are due o Taulls,
this will directly affect the dip

frequency.

1} Faster fault clearing,
Almproved network
design and operation,
MNReducing the number

of faults.
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i

[Cerqueira,A.S. Ferrelra, D.D.,Rlbeiro,M.V:2005)
Power quality events recognition using a SVM-hased method

-What type of Problem -

Part of Power System -

‘Signal processing methods

AenkTim

Evonts recognition using a
SVM-based method.

Distribution networks

QTFR and LGEC meathod

'Th'e first step to detect the PG
evenis is the generation of the
error signal e(n), defined as the

differenice between the acquired

samples of the wvoltage signal
waveform x(n} and the estimated
fundamental sinusoldal component
“fitm of x(n), The second siep Is
the pvent detection itselt, which is

based on the Error

Innovation Cancept.

Energy

ther» sample b whare
the e;fent starts, when
the outpwt of the filter is
greater than a defined
thresholdA. The valug
of A depends on the

gignal 1o nolse ratio

{SNR).

[O” mer Nezlh Gerek, Dog™an Go’khan Ece : 2006)
Compresslon of power quality event data using 2D representation
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2D representation of PQ | Transmission . and ; 1) The 2D represenialion The 200 represerniation of ihe | Positive
' recorded event data has several | characteristics of the

event data : Distribution networks 2} 2D agiscrele  wavelst
trangform (DWT) advantages. salution
3) 1D and 2D compression 1) Events.of voltage sags with | 2D reprasentation s
efficiency via DWT shrinkage, smogth variations. ohserved to have
2) Inferharmonics ' endrgy compastion

Compattly visualizing very iong | advamages over the
segments of acquired data atonce | ¢lassical 10 . data
representation  which
makes it sultable for PQ
event data
compression.

[pash, P.K,, Panda S.K., Llew A.C., Mishra B., Jena R.K.:1998)
A new approach to monitoring electric power quality.

Sig
“used
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Monitoring  electrc  power
quality :

Distributicon networks

EMTDC sofiwarg package.

The proposed estimation
lachnique is adaptive and is
capable of fracking the varialions
of amplitude and phase angle of

the hanmonics.

simufation
tests using the EMTDC
software package
clearly demonstrate the
capability ofl the
algofithm in guantifying
power qualily Real-time
laboratory tesls contirm

Nurmerical

the validity of the new
approach for computing
harmonic  dislortions
and power quality on-
fine.

[Suriya Kaewarsa, Kittl Attakitmongcol, Thanatchal Kulworawanichpong:2006]
Recognitlon of power quality events by using multiwavelet-based neural networks

What type of Problem

‘ Part_g'l' Power System . .-

=_Soﬂware':-'?- R

[Real-Time
fmplementatioy

o
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Using multiwavelet-based
newlral newofiks  and
monitoring

Distribution networks

multiwavelat-based
nelworks

neural

The proposed method employs the
transform. using
signal

multiwavelat

multireselution
decomposition techniques working
together  with  multiple  neural
networks. using a tearning vector
quantization network as a powaerful

classifier

The simulation of the
multiwavalet-based

neural netwark classifier
for recognizir:g power

quality disturbance
typek. The proposed
method 8 parformed
using MATLAB

program. The random
selected  signal  from
110 signals of each
distwbance  lype s
used io test neural

networks,
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2.9 Discussion of the results from the literature analysis
2.9.1 Detecting and Classifying Power Quality Disturbances

Power quality disturbances may occur in power systems in a different ways and with different
characteristics. Many methods for detection and classification of power quality disturbances
have been published. Some of them focus only on one particular type of a disturbance. To take
measurements of the power quality disturbances it is wise because it will be easy to identity the
problem and come up with a solution. MATLAB is good software to simulate power disturbances
{Radil et al, 2009:1).

2.9.2 Characterizing power Quality disturbances

The power guality disturbance characlerization is to define and obtain distinctive and pertinent
parameters for describing specific types of disturbance wavelorms. Accurate calculation of the
parameters may be helpful for system planning. troubleshooting and control. Automated
characterization of power quality disturbances is highly desirable due to the large volume of
power quality data to be processed. Not all types of disturbances have been considered in the
past and for the disturbances already studied, the accuracy may stili be improved. The existing
approaches for characterizing harmonics and flickers can be employed directly. The disturbance
parameters of interest mainly consist of fime-related parameters such as the disturbance starting
time, ending time, points-on-wave, efc. and magnitude related parameters such as the
fundamental component, harmonic components, unbalance ratio {Yuan, 2009:25).

2.9.3 Source of the Power Quality disturbances

There are some problems that might be considered as responsibility of the utility. but power
quality problems originate inside the facility. Most of the time, the major sources of power quality
_disturbances are lightning, energy-efficient devices, adjusiable-speed and energy-saving lamps,
efc. _

in terms of lightrting the greater use of underground facilities can minimize the power quality
disturbances. One example is the creation of premium power parks, where sensitive load
customers locate. At least these parks will be connected by underground feeders from

distribution substation.



2.9.4 Load Sensitivity: Electrical Equipment affected by Poor Power Quality

Poor Power Qualily affecis a lot of operational equipment like Computers, Digital eleckonics and
Microprocessors. Normally some the microprocessors work with five volts direct current, which
- makes microprocessars to be more sensitive to power anomalies. Weak current source starves
loads of power and causes over-heating, then each cause premature insulation failure. For the
mators, volfage above the rated motor value, can cause increased starting current, as well as
motor heating.

2.9.5 Studying Equipment Sensitivity during Power Quafity Disturbances

The nuisance of unexpected tripping or mis-operation of the sensitive customer loads stimulated
the research interests in the power quality area. One important facet of the power quality study is
fo find out efficient approaches to improve the immunity or ride-through ability of the customer
loads during power quality disturbances. Equipment sensitivity study serves such a purpose.
Only certain types of disturbances have been treated in the past and for these disturbances the
treatment is still not quite satisfactory {Yuan Liao, 2000:5).

2.9.6 Sclutions for improving Power Quality

A degradation of quality may lead to a change in behavidur, perfermance or even the destruction
of equipment and dependent processes with possible consequences for the safely of personnel
and additional economic costs. :
This assurnes three slements:
« One or more generators of disturbance
» One or more loads sensitive to the disturbance
¢ A channel for the disturbance to be propagated between them.
The solutions consist in taking action with regard to all or part of the three elements, either
globally {the installation) or locally (one or more {oads}.
The solutions can be implemented to:
» Correct a malfunction in an instaflation
_» Take preventive action when polluting loads are to be connected.
« Ensure the instafiation conforms (o a standard or to the power distributor's
recommendations.
= Reduce energy bills {reduction of subscribed power in kVA, reduction in consumption).
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Loads are not sensitive 1o the same type of disturbance and have different levels of sensitivity.
The solution adopted, as well as being the best from a technical and economic point of view,
must ensure an apprcpriéte level of Power Quality which meets actual requirements. It is vital
that speciaiists'carry out a prior diagnosis to determine the nature of the disturbance to be
prevented {é.g‘ remedies may differ depending on the duration of an interruption). This
determines the effecliveness of the chosen solution. This definition, choice, implementétion and
maintenance (to*ensure long-term effectiveness) of solutions must also be carried out by
specialist.
The value of the choice and implementation of a solution depends on:
+ The required level of performance
Malfunction is not permitied if it would put lives at risk (e.g. in hospitals, airport
lighting systems, lighting and safety systems in public buiidings, awdltary plant for
power stations, etc.}.

« The financial consequences of malfunction. Any unprogrammed stop, even when is very
short of certain  processes a {manufacture of semi-conductors, steelworks,
petrochemicals, etc) result in loss or non-quality production or even restaring of
production facilities.

+ The time required for a return on the investment.

This is the ratio of financial losses {raw materials, preduction losses, etc.} caused by the non-
quality of electrical power and the cost {research, implementation, operation, maintenance) of
the solution.

Other criteria such as practices, regulation and the limits on disturbance imposed by the
distributor must also be taken into account (Ferracci, 2009:1 9j.

2.10 Conclusion

This chapter describes the characteristics of different power quality disturbances and discuses
the importance of power quality these days, because there are many sensitive electronic devices
in use. Also discussion of the solutions to improve the power quality is given. A review of the
literature considering diﬂereni areas of power qualily research is provided in a table form. The
importance of power guality monitoring and the methods that are used for monitoring is
presented in the next chapter.
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CHAPTER THREE

POWER QUALITY MONITORING

3.1 Introduction

This chapter discusses the importance of monitoring the power system. Monitoring a system can
provide good information about the power system disturbances. The methodology used to
monitor the power quality disturbances is described.

To monitor the power system is useful, because it is easily to determine the need for mitigation
equipment for example analyzing events trends in the power system.

3.2 Definition of Power Quality Menitering

in the dawn of deregulation, power providers and consumers are changing their view of system
performance. This evolution is being driven due to the increasing awareness of power quality’s
role in customer systems. Already many providers are laying the groundwork worldwide for a
new type of service coniract in which a provider may promise one or more of its large industrial
or commercial customers a cerlain level of “quality” in delivered power. In return, the customer
agrees that for the duration of the contract it will not turn to another source- an important new
option with the advent of retall wheeling in the electric power industry. Some states are
revolutionizing the electric industry by permiting even residential customers to select their
provider {Sabin et al, 2009:1).

Power quality monitoring invoives measurement and recording the power quality disturbances
like sag, Swell, interruption. Under voltage, Overvoltage, Unbalance. Flicker ete.

3.3 Importance of Monitoring Power Quality

The importance of power quality event for detection as well as classification, because of wide
use of electronic devices in these days it is wise to detect and classify the disturbance in power
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'sjfstem- Microcontroflers and voltage disturbances are the most important things that.cause poor
power quality. Monitoring is the only solution for power quality disturbances and o achieve a
large amount of data from power system in distribution system.

Listed helow are some of the reasons outlining the importance of moniioring'power quality.

o Detection ané classification of power system disturbances at an exacting location on the
power system, power quality monitoring can play an important role. Monitoring system is
highty-effitient to prevent some problems on both wility and customers power systems,

- because of new technology and avaiiability of software. Menitoring system provide the
information about all power system disturbances and their possible causes. (Birdi,
2006:9).

s Monitoring power system helps benchmarking overall power system performance.

« Power system monitoring helps to detected problems hefore they causes widespread
damage by conveyance automated aleris when conditions begin to deteriorate. It also
helps in the classification of problems source position, freqguency and timing of svents.
Based on power quality trends maintenance schedules can be developed (Birdi, 20066:9}.

» Power quality monitoring support in defensive and prognostic maintenance. Classifying
some pattern changes allows betier preparation of maimtenance aclivities and aveids
disturbances of decisive business progression, while system data allows just-in-time
maintenance pfocedures {o be developed and implemented.

+ Monitoring power system is very impariant because it can be used to determine the need
for alleviation equipment by monitoring and trending conditions e.g by analyzing voltage
sag, harmonics, and power factor correction. (Birdi, 2006:8).

3.4 The methoedology of power quality monitoring.

It consists of combination of technologies from the analog vollages and currents measurement
{ilf the technclogies for post processing and caiculations of the characteristics of these measured
waveforms. The measurement is done using meters calted power quality monitors with the help
of instrument transformers. The post processing is done using a computer. The general scheme
of the power quality monitoring is given in figure 3.1 (B'o'llen et al, 2006:13).

it consists of the iolbwéng operations: measurement. pre-processing, post-processing, stafistical
past-processing and analysis.
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Figure 3.1: General scheme of the power quality monitoring.
3.41 Measurement

3.4.1.1 Installation of the meter-monitors

 Power guality mbnitoring beyond the initial site survey is performed to characterize power quality
7 variations at spacific éystern locations over a period of fime. The monitoring requirements
depend on the particular problem that is being experienced. For instance, problems that are
caused by voltage sags during remote faults on the uiility system could require monitaring for a
sighificant length of time because sysiem faulis are probably rare. If the problem invoives
capacitor switching, it may be possible to characterize the conditions over the period of a couple
days. Harmonic distortion problems should be characterized over a period of at least one week
io get a picture of how the harmonics vary with load changes (Dungan et al, 1995:233).
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3.4.1.2 Choosing a monitoring location

When power quality problems that are being experienced by the customers on the distribution
system part of power system appears it is the best to stant to monifor near close to the sensitive
equipment being affecied by power quality variations. Monitoring should include the utility supply
locations, po@er conditioning equipment oulpuls and each feeder should be monitored. Power
distribution unit should be also monitored. A

3.4.2 Preproéessing

Preprocessing is a precondition for any computerized the power quality analysis. 1t is whereby
preprocessing stage involves signals de-noising, detection and normalization of the power
quality events,

3.4.3 Post-preprocessing

The post processing for variations and evenis is different. For variations the first step is
calculation of such characteristics as rms voltage, the frequency. the spectrum. The first steps in
the calculation of events are rms voltage and comparing it with the threshold (typically 90% for
~. voliage dip event and 10% for interruption). Further processing is calculation of indices as
duration and magnitude.

3.4.4 Signatl processing theory

The processing of power quality monitoring data is described by block diagram in figure 3.2 Data
consists of sa:ﬁpied voltage and current waveforms. Signal-processing tools play an essential
role in power quality monitoring. To extract the information of power gquality monitoring, signal
processing tools and power sysiem knowledge are well needed. Signal processing theory
performs extraction of characteristics and information from the measured digital signals. The
application of its methods on the voltage and current waveforms is considered. in the thesis the
resilts from the signal proce_séing are analyzed on thé basis of power system knowledge (Bollen
et al, 2006:13).

Data are available in the form of sampled voltage and current waveforms. From these
waveforms the information is extracted (dips, duration of the dips, etc}. Signal processing tools
play an essential role in this step. To extract the knowledge from the information (type and
location of the fault that causes the voltage dip) both processing methods and tools and power
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system know!edge are needed.

Digital Digitat Understanding

Signal - Information Signal Knowledge
Data | Processing processing mitigation
controf

Figure3.2: Signal processing steps in extraction information from the power quality data

3.5 Signal processing requirements towards the monitoring process

The power quality menitoring process invelves a number of steps that require signal processing.

- The require'ments towards the operation of the monitoring system can be listed as {Bollen and
Gu, 2006:17):

L 4

The systems should characterize steady state variation of power quality as well as
disturbances.

Events should be characterized with complete both voltage and current waveform for
evaluating interaction issues.

Distinguish between variation and event.

Categorize each event according to its underlying causes from the extracted features
Proper determination of the data sampling period

Ditferent type of signal processing method can be applied to extract and estimate the nature and

parameters of the qualily disturbances.

3.5.1

Decomposition of'the signal processing methods.

“Decomposition of the signal processing methods can be categorized into two classes which

means first class is a transform or sub band filter based methods and second one is moadel-
based methods” (Bollen et al,2006:18).
1) Data Decomposition Based on Transforms: Based on Frequency-Domain Analysis and

Time-Frequency Analysis.

Frequency-Domain Analysis: The Frequency-Domain decomposition of the data is
regularly desirable, if the measurements data are stationary. It is whereby a standard and
commonly preferred method is the Discrete Fourier Transform (DFT) or its fast algorithm,
the fast Fourier transforms (FFT). Frequency-domain analysis is closely correlated to the

wavelet transform.
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_ » Time-Frequency Domain Analysis: The commonly method is the short-time Fourier

transform to obtain the time-frequency representation data. The STFT can be explained
equivalently by a set of baridpass filters with an equal bandwidth. The bandwidth is
determined by the seiected window and the size of the window. Ancther way to
imp!erﬁent time-frequency representation of data is to use time-scale analysis by discrete
wallet filters. This is mostly done by successively applying wavelet transforms to
decompos? the low-pass-fitlered data (or the original data) into low-pass and high-pass
bands. This is equivalently described by a sef of bandpass filters with octave bandwidth.
The advantages are the possibility lo trade off belwesn time resolution and frequency
resolution given a fixed join t time-frequency resolution value constrained under the
uncertainty principle.

2) Data Analysis Using Model-Based Methods: Signal-processing methods for power system
data analysis are the modeal-based methods (Bollen et al, 2006:18):

Sinusoidal Models: In such models, the signals are considered {0 be a number of
harmanics. The number of harmonics is decided beforehand and their amplitudes must
be estimated.

Stochastic a&bde!s: in stochastic models, a signal is considered Iinear.' time invariant
with while noise as the input. The systern is then modelled using poles or poles and
zeros. {Bollen e} al, 2006:18}.

3.6 Conclusion

This chapter gives short overview of the monitoring procéss, and the steps should be followed to

monitor the power quality. For example how to monitor, monitoring focation, etc. A monitoring

system can detect problem conditions right through the system before even equipment damage

occurs. The standards to power guality measurements and power qualily protection and

application is presented in the next chapter.
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CHAPTER FOUR

STANDARDS FOR POWER QUALITY MEASUREMENTS AND POWER QUALITY
'PROTECTION AND APPLICATION

4.1 Introduction

Power quality monitoring is based on the measurement campaign, so that the minimum numbers
of monitoring points are used. This allows 1o obtain the figures and reliable information related

with the distribution system to be analyzed.
4.2 The reasons for carrying out (making) power quality measurements:

s To determine the different kinds of power quatify disturbance.

+ Todefine the e;(act ofigin of the disturbances.

s To get the statistical information and performance of the supply.

= Power guality monitoring produces do not require anymors measurement for
troubleshooting.

« To analyze the data that is obtained from power quality monitoring that led to an

interruption.
The power quality maonitoring also invelves lot of issues like classificalion and characterization of

electrical power disturbances.

4.3 Power Quality Measurement Methods

*

- The power quality metheds for measurement are based on the existing standards.

4.3.1 IEC 61000-4-30 Standard for Measurement.

This [EC 61000-4-30 standard actually defines the measurement methods for 50HZ and 60HZ

power quality instruments.
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Measurement methods make it possible to obtain reliable, repeatable and comparable results,
- The IEC 61000-4-30 standards also define two classes of performance, which are class A and
class B.

Class A

In terms of requirements, are stiicter. Ensure that any two instruments that meet the
requirements and when are connected to the same signals, produce the same results. Devices
" for class A are basically for coniractual applications and verification with standards.

Class B

For class B performance requirements the meters will produce useful results. But not necessary
accurate results. The devices are used for stafistical surveys and troubleshooting is not
imporiant.

IEC 61000-4-30 includes some verification procedures which are more ussfut for information. It
also ensures that the different power qualily instrumenis use the same definitions and
measurements techniqués for sags, dips, swells frequency, harmonics, flickers efc (Mohd et al,
2009:2). '

4.3.2 Measurement Ciiain |
Al power quality measurements have to be done according to the requirements of the standard.

The connection of the meter to the real signal is done according io the so cafled measurement

chain, Figure 4.1

o o] Measurement Measurement Euaﬂathnwﬂ =
‘S & | randucers it 2
B E
Input signal to be Mezsurement =

measired _ resut %

Figure 4.1: Diagram of Chain measurement {Mchd et al, 2009:2).

The measurement instrumentation covers the whole chain between the electrical input signal

and the measurement evaluations.



- 4.4 1EC 61000-4-7 standard for harmonics and interharmonic measurements

[EC 61000-4-7 describes testing and measurement strategies for the following: harmonics
measurements and inétmmentation, power supply systems and equipment connected to the
system. Part of IEC 61000-4-7 standard is applicable to instrumentation aimed at measuring
spectral components in the frequency range up to 9 kHz which are superimposed on the
fundamental of the pbwer supply systems at 50Hz and 60Hz. In practice, this siandard
distinguishes between harmonics, interharmonics and other components above the harmonic
frequency range, {up to 2.5 kHz in this case).

This standard defines the measurement instrumentation used for tesling individual itemns of
equipment according to limits given in specific standards such as harmonic current fimits given in
IEC 61000-3-2. The slandard also defines measurement instrumentation for the measurement of
harmonic currents and vollages in actual supply systems {Ghulmi, 2006:46).

4.4.1 Requirements for harmonic measurement according to IEC 61000-4-7

~According to Ghulmi (2006:46}, IEC 61000-4-7 suggests a standardized confighraiion for the
instrument measuring harmonics and interharmonics in the power system. According to the IEC
61000-4-7 only instrurrient_s using the Discrete Fourier Transform (DFT) are fikely to be used,
ndrmal!y using a fast algorithm called FFT (Fast Fourier Transform).
The main instrument incudes:
s Input circuilry with anti-aliasing filter.
= A/D- converter including sample and hold unit.
+ Synchronization and window~sha§}ing—unit if necessary.
» DFT- processor providing the Fourier transforms.
The window width shalt be 10 periods (cycles) in our 50 Hz (50 periods or cycies/s) system case.
The time between the leading edge of the first window sampling pulse and the last window
sampling pulse shall be equal to the duration of the specified number of cycles of the power
system with a maximum permissible error of (£ 0,03%) |
A further output shall provide in addition the active power F, evaluated over the same time
window for harmonics, which must not include any possible contribution due to a DC component.
» Instument must measure the harmonic emission and interharmonic emission as well.
~Harmonic measurements can be performed only on stationary signals; fluctuating signals
{(varying with time} cannot be described correctly by their harmonics only.
+ Frequencies outside the measuring range of the instrument { normally Qto 2 or 2.5 kHz}
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shall be attenuated so as not to affect the results using an anti-aliasing low pass filter
with a -3dB frequency above the measuring range { Ghulmi, 2006:48).
The configuration of the procedures o be implemented in the measurement instrument is shown

in Figure 4.2
SAMPIING
3 FEURCY
. BEMERATION
PREPROCESSIG A
VOLTAGE SANPLIG &
' ' : CONVERSION 3 0T
1
GROUPBIG
— | PREPROCESSING I
CURRERT :
ACTIVE
POYER SMOOTHING
L
CHECK FOR
COMPLIACE
L oymeur

Figure 4.2: Suggested configuration of the measurement instrument for calculation of
harmonics {Ghulmi, 2606:46).

4.4.2 Assessment of harmonic emissions:

The Fourier transform analysis assumes that the signal is not changing. Since the voltage
amplitude of the power system may fluctuate, spreading out the energy of the harmonic
components 1o adjacent interharmonic frequencies, IEC 61000-4-7 suggests a grouping method
to improve the assess'ment accuracy of the voltage through grouping. Grouping of the output
components of the Discrele Fourier Transform algorithm is done according to the following

equations:
1 :
CZoms = 2, Cypey - (Harmonic groups, n=0,., 63) (4.1}
k=-1
8
CL soms = 2, Chngai-- {IMterharmonic groups (Harmonics graups), ng=0..,63) (4.2)

=2
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The following distoriion faciors are recommended to be evaluated:

S 0 (" : .
THD = Z[—-“’—] Total Harmonic Distortion (4.3)
n=2 10 )

i I ol 2

THDG = Z[C’*J Group Total Harmonic Distortion . 4.4)
=2 1g .
40 C 2

THDS = Z( ' "’J Sub-Group Total Harmonic Distortion {4.5)

. a=2 Ls

Ghulmi (2006:47) states that aggregations are o be performed using the square root of the
mean of the squared input values (RMS). Generally, for harmonics, the data for 200ms of
10cycles (50 Hz) generally aggregated.

4.4. 3 Smoothing of harmonic groups

IEC 61000-4-7 harmonic emission testing standard requires smoothing of the groups and
subgroups by using a digital first order filter with a fime constant of 1.5 s;

Cper (M) =0.882C__ (n—1)+0.118C,y () (4.6)
Where C,_, is the 1.5 s average value and C,,is the 10 cycle value.

According to Ghulmi, (2006:48) there is a discrepancy between IEC 61000-4-7 and IEC 6§1000-
4-30 regarding this issue. This is because the two standards are aimed at different goal.so
61000-4-7is a testing standard describing current measurement procedure to equipment under
test, whereas the IEC 61000-4-30 is a voltage quality standard defining the procedure to
quantify the voltage distortion in an existing system. However, grouping scheme is however in
both standards with the 10-min average excluding smoothing of groups. Smocthing is only used
for the purpose of instantaneous measurements and display on the screen.

4.5 IEC Electromagnetic Compatibility Approach

{ﬁternazicnél commﬁnity in {EC standards formed by technical commiltee 77 accepted the
electromagnetic compatibility approach. So the {EEE standard 1159 uses the electromagnetic
- compatibility approach to describe the power quality phenomena. (Collins and McEachern,
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2003:3}
4.6 [EC 61000-4-15 Method

.Short term flicker is measured and calculated by the ﬂickerrﬁe’{er model. The model is divided
into three parts which perform these tasks namely: Scaling the input voltage, simulation of the
response of the ldmp-eve-brain and statistical analysis of the flicker signal {Alencar et 2], 2009-
05-11:2).The following block diagram describes the function of the flickermeter, Figure 4.3

| Demoduster || Lewpeystmm | swtea |
. Lo I _cham | 8 Aml:yms'

Figure 4.3: Diagram of |EC Flickermeter

Demaodutator covers the whole part of input volfage. Lamp-eye-brain chain block models the
iémp and the way our brain observes the fluctuations. The statistical block represents the way
our brain interprets severity of the light intensity fluctuations. Revision of flickermeter standard
IEC 810004-15 uses lamp models. these models are 60-W, 230-V and 60-W, 120-V
incandescent lamp.

 These modifications are really based on the values of the transfer function (Tf} coefficients. The
transfer function links the fluctuations in voltage and steady-state flicker level. The transfer
function is: ’

kw,s . T+s/w,
sTH24s+wl  (L+s/wy)(l+siw,)

F(s)= 4.7

| where s is the Laplace complex variable and indicative

" 4.6.1 Incandescent lamps

Incandescent tamp consists of a coiled fungsten filament of some highly resisting material
prepared from carbonized paper or bamboo and enclosed in a glass bulb. The current flowing
through tungsten varies when the voltage fluctuates, consequently a voitage fluctuation

produces light intensity.
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4.6.2 Statistical Analysis

The statistical analysis is made by subdividing the amplitude of the flicker level signal into a
suitable number of classes. The IEC standard requires at least 64 classes for the classifier. After
several tests, the number of classes set for the designed flickermeter was 128, which led to &

" higher accuracy and minimum memory requirements, thus reducing the computer minimum

requirements, what makes the program portable. From this the cumulative probability function
the flicker levels is obtained, then the short-ferm flicker severity can be calculated.

Short-term Flicker Evaluation
The shon-term flicker severity Py is measured based on an observatfion period of 10 min and
can be calculated as in (4.2). '

F, = J0.0314F,, +0,0525F, +0,657F,, +0,28R,, +0,08F,, {4.8)

The suffix s in (1) indicates that the smoothed value should be used; these are obtained using
(2} ,
Psgs = { Pm-i-Pm-FPm).-‘"S

Pios = ( PG"'%'!_'&O‘*’HS"'H?)’B _ (4.9}
Pu={ P, +P,+P)3

Pis={ By, +F +F )3

Where P, is a shorl-lerm flicker severity. It is measured based on an observation pericd of 10

min. And the percertiles Py, Py, P, P,,and Ps, are the flicker levels exceeded for 0,1; 1;3; 10
and 50% of ihe time during the observation period.

| The 0.3 s memory time-constant in the flickermeter ensures that they cannot change abrupty
and no smoothing is needed for percentile {Alencar et al, 2006:3).

4.7 ENMEC 6100-3-2

EN/EC 61000-3-2 is a frequency harmonic current emissions standard that has been the
subjé}:t of considerable controversy. The recently published amendment 14 to this standard
makes many important changes and attempts to eliminate some of the controversy surrounding
this standard. It changes the classification of many products, the way limits are computed for
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ciés_s C and class D, and the way that harmonic are measured and compared against the limits
for ali classes.

Although amendment 14% is clearly advantageous to a large number of manufacturers, so far
most test equipment manufactures have net responded with product modifications that wilt aflow
testing to the ﬁew specifications. How the requirements changed, how these changes will impact
harmonic emissions testing, and what is expected from test equipment manufactufers are
explained in the standard {Mathieu et al, 2001:1).

4.8 Power Quality Standards for Power Quality responsibilities of the power energy
produces

Electrical power has a set of approved standards. These standards give guidelines for
contractors and consuliants dealing with electrical power quality, covering up areas of frequency,
balance, range, voltage level and disturbances. Power gquality standards clarify normal and
abnormal operation condition which can provide terminclogy for effective communication in the
industry and minimize some problems by explicitly putting limitations on electrical equipment
design and implementation. .

These standards clanfy the responsabmties of elecirical power producers and customers in

maintaining high-quality electrical service.

4.8.1 The purpose of Power Quality Standards

The purposs of power quality standards is to make sure that utility and end-user equipment are
well protected from failing or mis-aperating whén the current, voltage diverge from normal.
There are protection settings measurable limits provided by power quality standards to how far
the current, voltage can diverge from normal. Utilities and their customers are helped by limits of
the power quality standard so that an agreement for acceptable and unacceplable levels of
service can be reached. Power quality standards are in demand on both of utilities and their
customers. Standards help utifities to keep electrical power disturbances from their equipment
and homeholds equipment by:lhe utility side of a meter. Users just need standards that keep
user-created electricat disturbances from affecting the operational equipmeryt hold by utility and
other‘gnd-users on the side of end-user meter.



4.9 Conclusion

This chapter discusses the importance of measurement and the power quality measurement
standards. Measurements make it possible to obtain the most reliable and comparable resuits
depending on the instrument being used.

Power quality standard defines the measurement methods should be used or considered.
Measurement insttumentation is intended for testing individual items of equipment in accordance
~with limits given in certain standards. The measurements taken on the CPUT distribution
network are done according 1o requirements of the IEC 6100044430 with 10min sampling
interval. Data collection presented in the next chapter.
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CHAPTER FIVE

DATA COLLECTION

5.1 Introduction

Data. collection can be defined as the term that can be used to illustrate the collection,
preparation and processing of data. An intention of coltecting data is to get hold of information to
keep on records, and use if it needs important issues o be improved or make decisions about it
it is often formalized through a data caliection pian. it contains the following activities:

s Sorting analysis

+  Targetdata

* Goals

¢ Methods
This chapter discusses the data collection where measuremenis were taken in substations at
Cape Peninsula Universily of_Technoiogy at Bellville campus in order 1o check the power quality
disturbances.

5.2 Power Quality Data Collection

There are some organizations used to collect data around the world. Such organizations are
Electrical Power Research Institute {(EPRHY, Norwegian Electric Power Research Institute, and
Canadian Electrical Asscciation. By now it is very imporiant that each and every institution
should monitor the power quality. This is very also important for the universities because at
tertiary institutions there are many glectronic devices used.

The data required to monitor power quality are usually voluminous, Hence, software must be
used fo automatically characterize measured events and store the results in a well-detined
database. It will be economical to integrate the data collected from power quality and in-plant
monitoring with electric pdwer instrumentation, site descriptions and event information (Sastry
and Sarma, 2008:21).
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5.2.1 Data Collection Plan

The institution is facing some problems concerning with electrical power system, so the purpose
is to monitor or measure the power quality disturbances in Cape Peninsula University of
Technclogy Bellville campus distribution network. The process for monitoring and taking
measurements started in 2008. Then only the metler called DMK40 Lovato was L}sed for
measurements. Irf 2009 year three instrumental power quality meters were used, impedoGraph,
ProvoGraph and DMK40 Lovato. These instrumental meters were connected in parallel to each
other for the purpose of getting enough information about power quality disturbances. These
instrumental power quality meters were placed in some of the subsiations around Beliville
campus in order to get the data and analyze it

5.3 Methods of Data Collection

The methods of data coliection can provide guantifative data throughout the structured data
collection process. These methods that are used during the data collection at the Bellville
campus are as follows:

~ 5.3.1 Interviews:

By listening and talking {0 people data can be collected and some characteristics of load
behaviour can be understood.

5.3.2 Observation and recording:

Observing the struciures of substations and recording special trends and events.

5.3.3 Survey:

Taking measurements 6f the power guality disturbances, i.e. Harmonics, voltage unbalance,
flicker, etc.

- 5.3.4 Analyzing Records: |

Saving data in a database. History of trends and events analyzes

5.4 Description of the Cape Peninsula University of Technology (CPUT) Bellville campus
reticulation network.

The ;ctuai foad data for the Cape Peninsula University of Technology{ CPUT) Bellville campus
were used to evaluate the effectiveness of the models The CPUT reticulation network at
Beliville campus is 11KV ring connected reticulation network.13 Substations actually feeding
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residential buildings, educational buildings and as wel as the Sport Field. The network has1 1kV
step down to 406GV, 1Q00kVA x5 and 1x 1600kVA used as 1000kVA, fuses of 90AX6, PILC
11KV cable(1x3C 70mm?) and 11KV step down to 400V, 8x500kVA, fuses of 50Ax7, PILG
“11kV cable(1x3C 70mm?).Measurement were taken at the main in-intake substation {labefled
as pentsch in Figure 5.1).The main focus is on power Quality disturbances, . so the
measurements were taken on the foliowing substations: IT centre. Mechanical engineering,
MGR fesidence, E.Sport hall.

This is Cape Peninsula University of Technology Electrical Reticulation network layout at
Beilville campus shown bellow in Figure 5.1

l:!u‘l - | hywd
] -

- Figure 5.1: CPUT Electrical Reticulation network layout at Bellville campus

-
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5.5 Selection of points

of measurements

Table 5.1: Description of Substation -

iT {Information | Mechanical MGR {Mathew | Spont Hall
Technology) Substation Goniwe Residence) | Substation
Substation _ _ Substation '

IT  substation . is | Mechanical substation | Mathew Goniwe | Sport  hall ié the
supplying IT building. | supplies = mechanical | Residence (MGR) | substation  which
There are mény labs | engineering supplies two | supplies sport hall

with many electrical
equipments and
glectronic devices
such as computers,
scanners, printers e_tc.

in the IT building

department There are
many heavy machines
which can need a lot
of power such as
induction motors. arc
welders, computers
efc, in the labs of this

department.

residences. There are
cafeterias which have
many cooking
machines and many
geysers for residence

in these residences.

and gymsium.
Gymsium has many
electrical heavy

machines.

At Cape Peninsula University of Technology the points of measurement are selected according

to the power quality measurement standard of IEC 61000-4-30 requirements. The measurement

methods state that it is possible to obtain reliable, repeatable and comparable data.

The Points of common couplings (PCC) can be located maybe at the primary side or secondary

side of the service transformer. They depend on which side of the transformer muitiple

customers are being supplied. It means ¥ the multiple customeérs are served from the primary

side of the transformer, the PCC is located at the primary side. The Figure 5.2 below shows

points of common couplings used as selection pf the location of measurement.

[y

=

o=

”_\,_/\/\,

Figure 5.2: Points of common coupiings

5.6 Meters and types of measurement.
There were three power quality meters used to collect the data. These instrumental power
quality meters are Empechraph, ProvoGraph, DMK40 Lovato

LS S

s

I |
—
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5.6.1 Description of power quality meters

The Table 5.2: below summarises the meters characteristics and gives the specifications of each
meter, Pictures of the used meters are given in Figure 5.3

a b _ c
Figure 5.3: Power Quality instrumental meters, a)lmpedoGraph, b)DMK40Q Lovato,
c)ProvoGraph
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Table 5.2: Description of Meters

DMR40 Lovato'

impedoGraph .

[Frevcrat

The DMK40 is
multimeler - that
features, including powerful and easy-
{o-use data logger. It can measurs and
display more than 246 parameters e.g.
Harmonics, Voltage
current, singte phase voltage. three
phase . frequency, power
factor, real power, reactive power,
apparant power,

the
containg  excellen

three phase

unbalance,

voltage,

DMK40Lavato specilications
arg:RS232/MR84858 converter  drive,
220-240VAC.PC-4 PX1 connecting
cable (1.80m fong), DMK40-PC

connecting cable {1.80m long), PC-.

Modern connecting cable (1.80m long).

Impedonéph is a three phase power quality
monitoring instrument and was designed to
comply with the latest international power
quality standards. The phase and diagnostic
information is used to calculater flicker and
hanmonic in certain network configurations, The
measured data also available through dedicated
RS485/R$232  telemetry This
instrument measures harmonics, flicker, voltage

interface.
unbalange, Vrms, voltage, current,

ImpedoGraph specifications are: number of
chamels 4x dilferential voltage inputs, stalus
inputs 8x Differential voltage inputs, 4x current
inputs, 4x current lransducer inputs, 0-300
Vrms, accuracy 0.1% on reading{50-300Vrms),
resolution 20m Vrms, seral ports RS232(direct}
and RS232{madam).

P_r'dv'o'Graph the
VectoGraph voltage quality recorder, it records

the following parameters: Vrnfs profitas  and

is a smaller version of

Vollage Unbalance. This instrument is very
reliable and highly accurate,

The ProvoGraph specifications are: 30-300VRMS
accuracy 0.2% of 58-62 Hz, 4 wire anaing to
digital converter with resolution 12 bit memory.
Communications Ports type is RS232, mordem
support is 3 wire modem interface, isolation is
opto-isalated (1kV), baud rate is 9600 band.

Ac valtage input range is 85-135 VRMS and 170-
270 Vrms (50/60Hz).
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'5.6.2 DMK40 Measurements

Table 5.3: DMK40 Lovato meter measurements.

Reactive Power, Apparent Power.

Durafion fime’ T Subsiation. Variables measured Varlables calculated
1”‘1!08:‘.2066 ‘ to inibrﬁﬁé{ibn .'1P=ha'§.e' .V'oltége and 3Phase Vo!tageharmonlcs currert harmonics, total
18/08/2008 | Technology(IT) Voltage, Current, Real Power, | harmonics distortion in voltagé. total harmonics
. Centre Reactive Power,_Apr;arent Power. | distortion in current. Power factor, Frequency
01/09/2008 to | Mechanical 1Phase Voltage and 3Phase | Vollage Harmonics, current barmenics, total
29/09/2008 Engineering Voltage, Current, Real Pdwer, harmonics distortion in voltage, total harmonics
' Reactive Power, Apparent Power. | distortion in current. Power factor, Frequency
29/05/2008 to | Sport Hall tPhase Voltage and 3Phase | Voltage harmonics, current harmonics, total
23/10/2008 Voltage, Current, Real Power, | harmonics distortion in voltage, total harmonics
Reactive Power, Apparent Power. | distortion in current. Power factor, Fr_equency
23/10/2008 to 1Phase Voltage and 3Phase | Voltage harmonics, current harmonics, total
13/11/2008 Mathew Goniwe Voltage, Current, Real Power, [ harmonigs distorlion in voitage, total harmonics
Residence (MGR)

distortion in current. Power factor, Frequency
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5.6.3 Parallel measurement

* Parallel measurement, it is whereby fwo or more meters are connected in parallel in one point,
so that the meters can give enough information of power quality parameters. For example each
meter can measure ten parameters, then the combination of two meters can give twenty
parameters. The ProvoGraph is used to give simple, cheap measurement of the vo?tége. The
data is used fof estimation of some of the power quality disturbances. The calculated by
ImpedoGraph harmonics is used for validation of the results from the estimation with data
received from the ProvoGraph or DMK40 Lovato melers. The Figure 5.4 below is a single line
“diagram of a distribution substation network and two meters connected in parallel

MV Bus (11 kV)
Delta
Star
400V
Mﬂa;w* ImpedoGraph | g meters
ol ] o
] paralle!
LV LOAD ProvoGraph

Figure 5.4: Two meters connected paraflel in distribution substation network
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5_.6.3.1 Measurements from meters connected in paraltel

" Table 5.4: Parailel Measurements,

Mechanical Engineering Substation

Meter

Duratlon tlme

| Substation

: Varlables Measured :

YVarlables calculated

DMK40

'tc

03/04}2009 Mechanical Eng 1Phase Vcltaga ‘and 3Phase Voltage Harmonics, current - harmonics,  total
19/04/2009 . Voltage, Current,  Real | harmonics distortion in vollage, total harmonics
Power, Reaclive Power, distortion in current. Power factor, Frequency
_ Apparent Power. _
impedoGraph 03/04/2009 10 | Mechanical Eng 1Phase Voltage and 3Phase | Dip type Y, voltage swel, over-voltage, Vrms,
19/04/2009 voltage, Current, Reactive | Voltage Unbalance, voltage harmonics, current
' Power, Apparent power, | harmonics, Crest factor, Power factor, Flicker
Active power, Power angle.
ProvoGraph 03/04/2009 to | Mechanical Eng 1Phase Voltage and 3Phase | Vrms, Vollage Unbalance.
19/04/2009 vollage, current
Admin Bulldlng
‘Meter.. - s Duratlon time - .| Substation . .. - | Variables | Measured ; /| Varlables calculated = i <o d
DMKA0 S0A2003 o | AdminBuiding | TPhase Voltage and 3Phass | Vollage —Hammonics. —curent harmonios—total
31/03/2009 Voltage, Current, Real | harmonics distortion in voltage, tolal harmonics
Power, Reactive Power, | distortion in current. Powaer factor, Frequency
Apparent Power,
ImpadoGraph 24/03/2008 to t Admin Building 1Phase Voltage and 3Phase | Dip type Y, voltage swell, over-voltage, Vrms,
31/03/2009 voltage, Current, Heactiv'e Voitage Unbalance, voltage harmonics, current
' Power , Apparent power, | harmenics. Grest factor, Power factor, Flicker
Active power, Power angle
PravoGraph 24/03/2009 to | Admin Building 1Phase Voltage and 3Phase | Vrms, Vollage Unbalance.
31/03/2009 voltage, current
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IT Centre

‘Mete _Substatlon ‘Varlablas Meastre arlables calculated

ImpedoGraph _ 1/05/2009' to | Adm:n Bundmg _ “1Phase Volfaga and 3Phase“ Drp type Y voitage swell, ov'er-voltaga, vrms,
21/05/2009 voltage, Current, Reactive | Voltage Unbalance, voltage harmonics, current
o Power , Apparent power, | harmonics. Crest factor, F’ow?r factar, Flicker

Active power, Power angle ‘ '

ProvoGraph 1/05/2009 to | Admin Building 1Phase Voitage and 3Phase | Vrms, Voltage Unbalance.
21/05/2009 voltage, current
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5.7 Data obtained from the measurement.
5.7.1 information Technology (IT} Centre.

Figure 5.5: IT Centre

These measurements are records measured from 11-08-2008, time start at 10:58 till 18-08-

2008, time end at 08:22 in August 2008. The sampling time 15 minutes, where .I_Sm;._%mg =0.25

hour, the sampling period is 96 points are equivalent to 24 hours. DMK40 Lovato meter was
‘used for measurements. ' '

5.7.1.1 Single Phase Voltages
Plot of the voltage measurement data for the separate phases is given in Figure 5.6.The first
graph is for voltage phase 1, second graph for voltage phase 2 and third graph for voltage phase

i
5
o
1

t 3 1
L] ] i
1 I 1
™ ] -
e 0

Figure 5.6: Single Phase Voltage fi_uctuéticn graph,

" By looking at the records measurement, the voltage is still in the prescribed limitations because

the voltage standard in South Africa is 230V £ 5% which means the voltage should be not over
241.5V or less than 218.5V, Figure 5.6 above. The number of data points is 1436, the sampling
_ Entéfvai for measurerents is 15 minutes. The measurements are done first separately for every
phase and then for ali three phases.
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57.1.2 Thrée Phase Voltages

A Piot of the three phase voltage measurement data for the separate phases is given in Figure
5.7. The first graph is for voltage phase 1, second graph for voltage phase 2, third graph for
voltage phase 3 and fourth graph for neutral.

i
it

-

M 1 1
i ' i
: 1 '
] 3
B ] E] = - e E

Figure 5.7: Three Phase Voltage fluctuation graph.

Three phase lines and the neutral together give a three-phase 4-wire supply with a rms voltage
of 23043 =338.4. By looking at the records measurement, the three phase voltage is still in the

prescribed limitations because the voltage standard in South Africa is 400V +5% which means
the voltage should be not over 420V or less than 395V,

5.7.1.3 Current
A plot of the current data is shown in Figure 5.8

{

Figure 5.8: Current

 The time start at 10:58 till 18-08-2008, time end at 08:22 in August 2008. The sampling time 15
minutes, whare E%mzo.zs hour, the sampling period is 86 points are equivalent to 24
hours.The data shows that the current rises up to 410A from 08:00 il 21:00. It is because
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_éthdeﬁts are switching on computers in the iabs and using all the equipments in thé tabs such as
~ printers, scannars etc. From 21:00 to 23:58 drops fitile bit to 280A because some studenis are
going back their residences. As from 00:00 till 07:50 the current drops down to 181A because
labs are closed. It is necessary 1o fimit the high current in power systems to protect the electrical
equipments, '

5.7.1.4 Real power, Reactive power and Apparent power

Apparent, Real, Reactive power is already defined in the previous chapters. The data for the
three types of power are plotied in Figure 5.9 where the notations are: VA is the apparent power,
W is the real power and VAR is the reaclive power. The number of data peints is 673, the
sampling interval for measurements is 15 minutes.
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Figure 5.9: Real poi'.rer, Reactive power and Apparent power

The leve! of power is under prescribed limitations because the transformer did not trip on
overioad protection, and starting drop round about 23:50 to 67:50 because labs are closed.
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5.7.1.5 Frequency (Hz)
Frequency is the number of cycles per unit of time and is measured in hertz. The data of
frequency is plotted in Figure 5.10. The number of data points is 673, the sampling intervai for

measurements is 15 minutes.

Figure 5.10: Frequency (Hz}
The frequency is stilf in the prescribed fmitations because it is befween 49.7 and 50.2.
5.8 Power Quality Disturbances calculated by the meter and standard for harmonics

This Table 5.5 is the NRS 048-2 standard for harmonics to check if the harmonics are on
prescribed limitations {Kock et al, 2007-09-27).

Table 5.5: NRS 048-2 Standard for Harmonics

Cdd harmonics Even
_ harmonics

Non-multiples of 3 ' Multiples of 3
H Magnitude % h Magnitude % h Magnitude

LV HY . Lv - |HV Yo

My .| EHV My EHV
5 6 3 |3 5 25 2 2
7 - 5 25 9 1.5 - 4 1
11 3,5 1.7 15 05 - & 0,5
13 3 7. |21 0.3 . 8 0.5

The meter DMK40 Lovalo can calculate {estimate) some of the power quality disturbances, as
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follows.
- 5.8.1 Voltage and Current Harmonics

It is importaﬁt o take measurements in a building which contains a lot of electronic devices or
equipment. Especially some electronic devices have a solid state electronic device which
contains poor power supply such as computers, Laser printer, and copy machines. The effects
of harmonics are heating of neutral conductor, overheating transformers and motors, cause high
neutral to ground voitages at ends loads and also distorted voltages.

Measuremenis were obtained in August 2008 at IT {Information Technology) building. The
harmonics calculated by the meter are shown in Figure 5.11

5.8.1.1 Voltage Harmonics

Event graph of current harmonics is shown in Figure 5.11, where in the data used data (1-3.H
VL1){:,1) is the third harmonic in voitage line 1, (1-3.H VL2)(:,2) is the third harmonic in voltage
fine 2, {1-3.H VL3) (.3} is the third harmonic in voltage tine 3, (1-5.H VL1){;,4} is the fifth
harf’nenic voltage line 1, (1-5.H VL2)(:,5} is the fifth harmonic in voltage line 2, (1 5.H VL3):.,6)is
the fifth harmanic in voltage line 3, {1-7.H VL1}{..7) is the seventh harmonic in voltage line 1, {1-
7.H ¥12)(..8} is the seventh harmonic in voitage line 2, (1-7.H VL3)(:.9} is the seventh harmenic
in voltage line 3. The x axis describes the number of peints and y axis describes the harmonic
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Figure 5.11: Voitage Harmonics part of all points of calculation

According table 5.5 above, the harmonics are still fine on Figure 5.11 because harmonics only
reach 4%. According NRS-048-2 harmonics standard the 3 harmonic shall not exceed than 5%
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. magnitude, while 5™ harmoenic shall not exceed than 6% magnitude and also 7 harmonic shall
not exceed than 5% magnitude. Therefore neglecling the effect of voliage harmonic and
considering no load losses caused by the fundamental voitage component will only give the rise
1o an insignificant error.

5.8.1.2 Current Harmonics

Event graph of current harmonics is shown in Figure 5.12, where in the data used data (1-3.H
CL1)}{:,1) is the third harmonic in current line 1, {1-3.H CL2){:,2} is the third harmonic in current
line 2, {1-3.H CLS) (:3) is the third harmonic in current line 3, {1-5.H CL1){:,4) is the fifth
harmonic in current line 1, {1-5.H CL2Y{.,5) is the fifth harmonic in current line 2, {(1-5.H CL3}(.6)
is the fifth harmonic in current line 3, {1-7.H CL1){;,7) is the seventh harmenic in current line 1,
- {1-7.H CL2)(.B) is the seventh harmonic in current line 2, {1-7.H CL3)(.9) is the seventh
harinonié in current line 3. The x axis describes the number of points and y axis describes the
harmonic {%). '
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Figure 5.12: Current Harmonics pari of all points of calculation

The tlow of the current harmonics in a network produces two main effects, one of the effects is
- the additional transmission loss caused by the increased rms value of current waveform. The
second cne effect is the crealion of harmonic voltage drops across circuit irﬁpedances. The
-reason why there are harmonfcs in IT centre because there is a lot of electronic devices.

5.8.1.3 Total Harmonic Distortion In Voltage

The total harmonic distortion in voitage calculated by the meter is shown in Figure 5.13 where in
the data used {(1-THD VL1){:,1) total harmonic distortion in voltage line 1, {1-THD VL2){:,2) total
‘harmonic distortion in voltage line 2, (1-THD VL3){:,3} total harmonic distoition in voltage in
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voltage line 3, The x axis describes the number of points and y axis describes the total harmonic
distortion {%).

Tatal Harmoric Distortion in Voltage

EEE 1-THD VLG
A 1-THD VL2 2) L
1-THD VLIG,3)

THD (%)

Figure 5.13: Total Harmonic Distortion in voltage part of all points of calculation

The total harmonic distortion (THD) of voltage is equal 1o the effective value of all the harmonics
and divided by the effective value of the fundamental. The minimum waveform requirement for
total harmonic distorfion in r_nedium voltage and low voltage is 8% and for high voltage and extra
ﬁégh voltage is 4%. There is no more difference between voltage harmonics and total harmonic

distortion in voltage.
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5.8.1.4 Total Harmonic Distortion in Current
The calculated by the meter THD in current is shown in Figure 5.14 for the three phases.

Total Harmonic Distortion in Currert
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Figure 5.14: Total Harmonic Distortion in current part of all points of calculation

The total harmonic distortion (THD) of current Es'equal to the effective value of all the harmonics
divided by the effective value of the fundamental. The highest percentage is 40% in total
harmonic distortion.

5.8.1.5 Power factor
Power factor can be defined as the ratio of the real power to the apparent power, which means

pbw_er factor(pf) = II:TWA The data of power factor is plotted in Figure 5.15.

Figure 5.15: Power factors

All phases for power factor shows that the power factor is around 0.8 and 0.98. if the power
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factor 0.8 and 0.88 which means it consumes on 960 watts, so the KW capacity of the UPS wili
be reached before the kVA limit.

5.8.2. Mathew Goniwe Residence (MGR) Substation

Figure 5.16: MGR Residence point of mgasurement.

'MGR substation- is the substation feeding the education faculty and MGR residence. The point
measurement is as shown z‘n_ Figure 5.16 by an arrow. The period of measurement is from 23-

.10-2008, time start at 10:19 till 05-11-2008, time end at 09:50, where _I_S_m;.?_lm =0.25 hour, the

sampfing'peried is 96 points are equivalent to 24 hours. DMK 40 Lovato was used for

measurements.

5.8.2.1 Single Phase Voltages
Plot of single phase vohageé measured by the meter is shown in Figure 5.17.

L ]

- Figure 5.17: 1Phase Voltage

By looking at the records measurement, the valtage is still in the prescribed limitations because
the voltage standard in South Africa is 230V 5% which means the voltage should be ot over
241.5V or less than 218.5V, figure 5.17 above. The number of data points is 1287. The
measurements are done first separately for every phase and then for all three phases.



- 5.8.2.2 Three Phase Voltages
Plot of the three phase voltages is shown in Figure 5.18.
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Figure 5.18: 3Phase Voltage

‘Three phase lines and the neutral togsther give a three-phase 4-wire supply with a rms voltage

of 23043 =398.4. By looking at the records measurement, the three phase voltage is still in the
prescribed limitations because the voltage standard in South Africa Is 400V 4 5% which means
the voltage should be not cver 420V or less than 395V, The number of data points is 1287, the

sampling interval for measurements is 15 minutes.

5.8.2.3 Current
The current is measured separately in three phases. Plot of the current data is shown in Figure
5.19.

i

- Figure 5.19: Current

The data shom)s that the current rises up to 234A from 08:00 till 23:40. It is because students
and cafeterias are cocking. From 00:10 to 01:00 drops little bit to 130A because some students
sleep during that time. As from 01:00 il 07:50 the current drop down to 95A because cafeterias
are closed and students sleeping. It is necessary to limit the high current in power systems {0
protect the electrical equipments. -
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5.8.2.4 Power (Real, Reactive, Apparent)
The data for the three types of power are plotted in Figure 5.20 where the used notations are:
VA is the apparent, W is the real power, VAR is the reactive power.

Power(W,Var,Va) WED)

———— VAR(,2)
VA(,3)

250

A ISR

Power

8

Number of points

Figure 5.20: Power (Real, Reactive, Apparent) .

The power rises up very high around about 08:00 to 23:40 because too much power is needed
to be used that time. i starts dropping around 23:50 to 07:50 because cafeterias were closed.

5.8.2.5 Power Factor
Plot of power factor measurement data is given in Figure 5.21.
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Figure 5.21: Power factor

All phases for power factor shows that the power factor is around 0.8 and 0.98. If the pawer
factor 0.8 and 0.98 which means it consumes on 960 watts, so the kW capacity of the UPS will
be reached before the kVA limit.



5.8.2.6 Frequency
Plot of frequency measurement data is given in Figure 5.22. -
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Figure 5.22: Frequency
The frequency is still in the prescribed imiations because it is between 48.7 and 80.2.

5.8.2.7 Current Harmonics

Event graph of current harmonics is shown in Figure 5.23, where in the data used (1-3.H
VLIH: 1} is the third harmonic in voliage fine 1, {1-3.H VL2}{:,2) is the third harmonic in vollage
line 2, {1-3.H VL3} (-3} is the third harmonic in voltage line 3, {1-8.H VL1)(.4) is the fifth
harmonic voltage line 1, (1-5.H VL2){;,5) is the fifth harmonic in voltage line 2, (1-5.H VL3){:8}is
the fifth harmonic in voitage line 3, (1-7.H VLi}{.7} is the seventh harmonic in voltage line 1, (1-
7.H VL2}{.,8) is the seventh harmonic in voltage Hne 2, (1-7.H 'VL3)(:,9) is the seventh harmonic
in voltage ine 3. The x axis describes the number of points and y axis describes the harmonic
{%).
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Voltage Harmonics
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Figure 5.24: Voltage Harmonics part of 8!l points of calcuiation

According Table 5.5 NRS (48-2 harmonics standard above, the harmonics are still fine on
Figure 5.24 because harmaonics did not even exceed 3%. According NRS 048-2 standard the 3"
harmonic shall not exceed than 5% magnitude, while 5 harmonic shall not exceed than 6%
magnitude and also 7° harmonic shall not exceed than 5% magnitude. Therefore neglecting the
effect of voltage harmonic and considering no load losses caused by the fundamental voltage
~ component will enly give- thea rise 1o an insignificant error.

" 5.8.2.9 Total Harmonic Distortion in Voltage
The total harmonic distortion in voltage calculated by the meter is shown in Figure 5.25 where in
the data used {1-THD VL1)(;,1) total hémonic distortion in voliage line 1, (1-THD VL2)(.2) total
harmonic distortion in voltage line 2, (1-THD VL3){:,3} total harmonic distartion in voltage in
voltage line 3, The x axis describes the number of points and y axis describes the total harmonic
distortion (%).
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Total Harmonic Distortion in Voltage
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Figure 5.25: Total Harmonic Distortion in voltage part of all pcints of calculation

The total ha?monic distortion {THD) of voltage is equal to the effective value of all the harmonics

‘and divided by the effective value of the fundamental. The minimum waveform requirement for
{otal harmonic distortion in medium voliage and low Qoltage is 8% and for high voltage and extra
high voltage is 4%. There is no more difference between voltage harmanics and total harmonic
distortion in voltage. = -

5.8.2.10 Total Harmonic Distortion in Current

The total harmonic distortion in current calculated by the meter is shown in Figure 5.26 where in
the data used (1-THD CLT}{:J)' total harmonic distortion in current line 1, {1-THD CL2){:,2) total
harmonic distortion in current line 2, {1-THD CL3){:,3) total harmonic distortion in current line 3,
The x axis describes the number of points and y axis describes the total harmonic distortion {%}.
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Figure 5.26: Total Harmonic Distortion in Current part of ail points of calculation

The total harmonic distortion (THD} of current is equal to the effective value of all the harmonics
and divided by the effective value of the fundamental. The highest percentage is 17% in total
harmonic distortion. '

~ 5.8.3 Sport Hall Substation

Sport Hall substation- is a substation feeding the ABC building and {7 centre. Then IT centre
also feeds substation 1 and substation 2.The measurements are done {rom 29-09-2008, time

15 minutes

start at 10:23 till 23-10-2008, time end at 09:11, where =0.25 hour, the sampling

period is 96 points are equivalent to 24 hours. The number of data points is 2230, The point of
measuremernit for the sport hall is shown in Figure 5.27.

Figure 5.27: Sport Hall substation
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" 5.8.3.1 Single Phase Voltages

The measurements are done first separately for every phase and then for all three phases,
Figure 5.28 below.

Figure 5.28: Single phase voltage

By looking at the records reasurement, the voltage is still in the prescribed limitations because
the voltage standard in South Africa is 203Y + 5% which means the voltage should be not over
2415 or less than 218.5.

'5.8.3.2 Three Phase Voltages
Plot of the three phase voltages is shown in Figura 5.28.

Figure 5.29; Three phase voltage

Three phase lines and the neutral tegether give a three-phase 4-wire supply with a rms voltage

of 230 ~./§ =398.4. By looking at the records measurément, the three phase voltage is still in the
pfescribed limitations because the voltage standard in South Africa is 400V +5% which means
the voltage shdui_d be not over 420V or less than 395V.
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5.8.3.3 Current
The current is measured separately in three phases. Plot of the current data is shown in Figure
5.30. : |

ionsar !
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Figure 5.30: Current

At sport hall, the data shows that the currert rise up only if there is an event in sport hall. ftis
necessary to imit the high current in power systems {o protect the electrical equipments.

5.8.3.4 Power (Real, Reactive, Apparent)
The data for the three types of power are plotted in Figure 5.31 where the used notations are:
VAis the apparent, W is the real power, VAR is the reactive power.

- Number of poirds

Figure 5.31: Real power, Reactive power, apparent power

The power is not used alt the time in the sport hall. It actually depends on many sport events
taking place that is why most of the time the power drops. _ -
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5.8.3.5 Power Factor
. . - Plot of power factor méasuremen_i data is given in Figure 5.32. -

-

-Figure 5.32: Power facior

The power facior at sport halt drops from 0.9 to 0.1. There are some eguipments that make the
poor pawer factor such as inductor motor, arc welders, induction heating equipment etc

5.8.3.6 Frequency '
Plot of frequency measurement data is given in Figure 5.33
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Figure 5.33: Frequency
The frequency is still in the prescribed limitations because it is between 49.6 Hz and 50.2Hz.

5.8.3.7 Total Harmonic Distortion in Voitage
Thi fotal harmonic distortion in voltage calculated by the méier is shown in Figure 5.34 where in
the data used {1-THD VL1)(:,1} total harmonic distortion in voltage line 1, {(1-THD VL.2)(:,2) total
harmonic distortion in voltage line 2, {(1-THD "JLS)(:,B) total harmonic distortion in voltage line 3,
" The x axis describes the number of points and y axis describes the total harmenic distortion {%).
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Total Harmonic Distortion in Voltage
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- Figure 5.34: Total Harmonic Distortion in Voltage part of alf points of calculation

The minimum waveform requirement for fotal harmanic distorfion in medium voltage and low
voltage is 8% and for high voltage and extra high voltage is 4%. There is no mare difference
between voltage harmonics and total harmonic distortion in veltage.

- 5.8.3.8 Total Harmonic Distortion in Current

The total harmonic distortion in current calculated by the meter is shown in Figure 5.35 where in
the data used (1-THD CL1){;,1) totat harmonic distortion in current line 1, {1-THD CL2){:,2) total
harmonic distortion in current tine 2, (1-THD CL3){:,3) total harmonic distortion in current line 3,
The x axis describes the number of points and y axis describes the total harmonic distortion {%).
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Figure 5.35: Total Harmonic Distortion in Current part of all points of calculation
.. The highest percentage is 15% in total harmonic distortion.

5.8.3.9 Voltage Harmonics

Event graph of current harmonics is shown in Figure 5.36, where in the data used data (1-3.H
VL1){:,1) is the third harmonic in voltage line 1, {1-3.H VL2}(;,2} is the third harmonic in voltage
‘fine 2, (1-3.H VL3) (.3} is the third harmonic in voltage line 3, {1-9.H VL1)(:.4) is the fifth
harmonic voltage line 1, (1-5.H VL2)(:,5} is the fifth harmonic in voltage line 2, (1-5.H VL3){..6}is
the fifth harmonic in voltage lne 3, (1-Z2H VL1}{1.7) is the seventh harmonic in voltage line 1, (1-
7.H VL.2){..8} is the seventh harmonic in voltage line 2, (1-7.H VL3)(:,9) is the seventh harmonic
in voltage 'line 3. The x axis describes the number of points and y axis describes the harmonic
(%),



Voltage Harmonics
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Figure 5.36: Voltage Harmonics part of all points of calcuiation

In sport hall, according to Table 5.5 above, the harmonics are still fine on Figure 5.36 above,
because harmonics did not even exceed 3%. According NRS 048-2 standard the 3% harmonic
shall not exceed than 5% magnitude, while 5" harmonic shall not exceed than 6% magnitude
and also 7% harmonic shall not exceed than 5% magnitude. Therefore neglecting the effect of
voltage harmonic and considering no load losses caused by the fundamental voltage component
will only give the rise to an insignificant error. |

5.8.3.10 Current Harmonic

Event graph of current harmonics is shown in Figure 5.37. where in the data used (1-3.H
“CL1){.1) is the third harmonic in current fine 1, (1-3.H CL2}{:,2) is the third harmonic in current

line 2, (1-3.H CL3) (;,3) is the third harmonic in current line 3, {1-5.H CL1){:,4) is the fifth
~ harmonic current line 1, {1-5.H CL2}{(;,5} is the {ifth harmonic in current tine 2, (1-5.H CL3)(:.6)is
the fifth harmonic in current line 3, {1-7.H CL1}{..7) is the seventh harmonic in voltage fine 1, {1-
7.H CL2)(:,8) is the seventh harmonic in current line 2, (1-7.H CL3)(.,9) is the seventh harmonic
in current line 3. The x axis describes the number of points and y axis describes the harmonic
©{%).
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Figure 5.37: Current Harmonics part of all points of calculation

The flow of the current harmonics in a network produces twa main effects, one of the effects is
the additional transmission loss caused by the increased rms value of current waveform. The
second one effect is the creation of harmonic voltage drops across circuit impedances.

5.8.4 Mechanical Engineering Substation

Mechanical Engineering substation is feeding substation number 4 and De Beers residence. The
data are records measured from 1-08-2008, time start at 09:47 till 10-09-2008, time end at

15 minutes

09:34, whére =0.25 hour;'the sampling period is 96 points are egquivalert to 24

hours. DMK40 Lovato meter was used for measurements. The number of data points is 905,

The point of measurement for the Mechanical Engineering substation is shown in Figure 5.38.

Figure 5.38: Mechan?cal Engineering Substation
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 5.8.4.1 Single Phase Voltages

The number of data points is 905, the sampling interval for measurements is 15 minutes. The

measurements are done first separately for every phase and then for all thres phases.
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Figure 5.39: Singie phase Voltage

By looking at the records measurement, the voltage is still in the prescribed fmitations because

the voltage standard in South Africa is 203V X 5% which means the voltage should be not over -

241.5 or less than 2185

above.

figure 5.39

¥

il fine because the low voltage is around 223

so it is st

2

5842 Three Phase Voltages

Plot of the three phase voitages is shown in Figure 5.40.

St iy
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B

L

Three phase voltage

Figure 5.40

Three phase lines and the neutral together give a three-phase 4-wire supply with a rms voltage

398.4. By looking at the records measurement, the three phase voltage is stili in the

V3

prescribed limitations because the voltage standard in South Africa is 400V

of 230

which means

i
Yo

+5

- the voltage should be not over 420V or less than 395V,
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5.8.4.3 Current

The current is measured separately in three phases. Plot of the current data is shown in Figure

L

Current

Figure 5.41

The data shoﬁvs that the current rises up to 218A from 08:00 till 16:00. it is because students are '

swiiching on the computers and machines in mechanical engineering labs. As from 16:00 till

- 07:50 the current drop down to 85A because no students at iabs.

5.8.4.4 Power (Real, Reactive, Apparent)

The data for the three types of power are piotted in Figure 5.42 where the used notations are:

VAis the apparent, W is the real power, VAR is the reactive power.

Power(W,VAR,VA)

Number of points

Power (Real, Reactive, Apparent).

»
™

Figure 5.42
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The power rise up very high around about 08:00 to 23:40 because foo much power neaded io

be used by many machines and starling drops around about 23:50 to 07:50 because labs were

closed.

5.8.4.5 Pov#er factors

Plot of power factor measurement datia is given in Figure 5.43.

w0 We

[ ]

I

Numba of poirty.

Power factor.

~ Figure 5.43

All phases for power factar shows that the power factor is between 0.8 and 1. Because of the

value of 1, it is not under prescribed limitations. It needs to be improved.

Plot of frequency measurement data is given in Figure 5.44

5.8.4.6 Frequency

Frequency
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Figure 5.44

The frequency is stifl in the prescribed timitations because is between 47.6 Hz and 50.2Hz.
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5.8.4.7 Voltage Harmonics

Event graph of current harmonics is shown in Figure 4.45, where in the data used (1-3.H
VL1){;,1) is the third harmonic in voltage line 1, (1-3.H VL2')(:,2) is the third harmonic in voltage
line 2, {1-3.H VL3) {:,3} is the third harmonic in voltage line 3, {1-5.H VL1){:,4) is the fifth
harmonic vét%age_ line 1, (1-5.H VL2)(;,5) is the fifth harmonic in voltage line 2. (1-5.H VL3}{;,6) is
the fitth harmonic in voltage line 3, (1-7.H VL1)(.,7) is the seventh harmonic in voltage line 1, {1-
7.H VL2)(:.8) is*the seventh harmonic in voltage Hine 2, (1-7.H VL3){:,9) is the seventh harmonic
in vo!iage line 3. The x axis describes the number of points and y axis describes the harmonic
(%).

Vaoltage Harmonics
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2w FTE BT T T I XTI ¥ mi'?HVL‘t(?J‘—

DRl 1-7.H VL2(:,8)
—1 -7HVL3(.9)

Hameeric (09

5 10
Number of points

Figure 5.45: Voltage Harmonics part of all points of calcuiation

In mechanical substation, according table 5.5 above, the harmonics are stifl fine on Figure 5.45
above, because harmonics did not even exceed 3%.

5.8.4.7 Current Harmonics
Event graph of current harmonics is shown in Figure 5.48, where in the data used (1-3.H
CL1)(:,1) is the third harmonic in current line 1, (1-3.H CL2){:,2} is the third harmonic in current
line 2, (1-3.H CL3) (.3) is the third harmonic in current line 3, (1-5.H CL1)(:,4} is the fifth
héfrhonic current line 1 . (1-5.H'CL2)(:[5) is the fifth harmonic in current line 2, (1-5.H CL3){:,6) is
" the fifth harmonic in current line 3, (1-7.H CL1){.,7) is the seventh harmonic in voltage line 1, {1-
7H CL2){:,8) is the seventh harmonic in current line 2, {f-T.H CL3}{:,9) is the seventh harmonic
| in current kne 3. The x axis describes the number of points and y axis describes the harmonic
{%). -
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Figure 5.46: Current Harmonics part of ali points of calculation
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The current harmonics only reach 15% in mechanical engineering department

5.8.4.8 Total Harmonic Distortion in Voltage
The total harmonic distortion in voltage calculated by the meler is shown in Figure 5.47 where in

the data used (i-THD VL1){:,1) total harmonic distortion in voltage fine 1, {(1-THD VL2)(:.2) total

harmonic distortion in voltage line 2, {1-THD VL3)(;,3} total harmonic distortion in voltage in
voltage fine 3, The x axis describes the number of points and y axis describes the total harmonic

distortion (%).

Total Harmonic Distortion in Voltage

_ 1-THD VLI 1)
Tl 1-THD VE2{:,2)
.25 -1-THD VL3( o

" S SO

MNumber of points * .

Figure 5.47: Total Harmonic Distortion in Voltage part of all points of calculation

The total harmonic distortion only reaches 3%.
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5.8.4.9 Total Harmonic Distortion in Current

The total harmonic distortion in current calculated by the meter is shown in Figure 5.48 where in
the data used data (1-THD CL1}{:,1} total harmonic distortion in current line 1, {1-THD CL2}{:.2}
total harmonic distortion in current line 2, {1-THD CL3}{:.3} total harmonic distortion in current
line 3, The x axis describes the numbar of points and y axis describes the total harmonic
distortion (%}. '
' - Tota! Harmonic Distortion in Currant

18

1§F- -

14f-y4--

Figure 5.46: Total Harrfzonic Distortion in Current part of all points of calculation
Total harrﬁonic distortion reaches 17%

-5.9 Parailel Connection
5.9.1 Measurements [n 2009

Early in 2009 two meters which are the ImpedoGraph and the ProvoGraph were connected in
paratie! to different points for measurements on the low voltage side of substations. The Table
5.6 below shows data recorded by impedoGraph meter. The lable contains the data events for
powe} quality disturbénces for the Admin building. As discussed in previous chapter 2 that Short
duration variations are divided into instantanecus, momentary, and temporally ohes and the
voltage disturbance characterizing them are swelfs. sags and dips. Long duration variations are
vgétage variations that are preceding longer than or take longer time than a minute and are over-
voltage, under-voltage, interruption, eic. Some of these disturbances appeared during the period
of measurements from 24-03-2008 till 31-03-2009. The table shows fwo types of starting time
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scheduled for évery five hours with duration of one hour and event start time with different
lengths. The measurements are {aken with a sampling period of 10 minutes,

Table 5.6: Events from ImpedoGraph Meter

Meter Stant Start Category Phases - Duration Residual Description
Point Date Time [h] time Voitage
Admin Tue 24 | 50:00.0 Scheduled | ......... 59.996 100.00% Scheduled
Bullding Mar Recording recording
- 12009
Admin Fri 27 { 57:47.1 Diptype Y 1,2 0.08 74.20% 1706  Voit
Building Mar minimum -
2009
Admin Sun 29 | 51:18.5 Voltage 3 073 110.00% 253.1 Volt
Building Mar Swells ' maximum
2009
Admin Sun 291} 51185 Overvoltage | 2,3 10.439 110.20% 2535 Volt
Building Mar ’ : maximum
2003
Admin | Sun 29 | 51:303 | Overvoliage | 23 18338 | 110.20% | 2538 Vol
Building Mar maximum
© | 2009
Admin Sun 29} 00:00.5 Voltage . 3 0.05 110.00% 253.0 Vait
Building Mar Swells maximum
2009
Admin Sun 291 00:009 Voltage 3 0.22 110.00% 253.1 Volt
Building Mar Swells maximum
2009
Admin Sun 29| 00:01.3 Voltage K] 0.07 119.00% 253.0 Volt
Bulding Mar Swells maximurm
‘ 2009
Admin Sun 29} 00:023 Voliage 3 013 110.00% 253.0 Voit
Building Mar Swells maximum
2009 '
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Admin Sun 29 ] 00:02.5 Voltage 3 0.879 110.00% - | 253, Volt
Buiding Mar Swells maximurn
2009
Admin Sun 29 | 00:03.6 Voltage 3 0.18 110.00% 253.0 Volt
Building Mar Swells maxirmum
2009
Admin Sun 29 | 00:04.0 Overvoltage | 3 13.56 110.20% 2535 Volt
Building Mar maximum
2009
Admin Tue 31| 54:33.3 Over-valtage | 3 0.01 110.00% 253.1 Volt
_ | Building Mar maximum
2009

5.5.1.1 Voltage Unbalance

impedoGraph was used to collect data for voltage unbalance. This data in Figure 5.49 was
collected in Sacco substation which is feeding administration, Sacco cafeteria and Sacco
residence. Vaoltage unbalance is considerad as a power quality disturbance of important concern
at electrical distribution. 2% is the compatibility level for the unbalance in three- phase networks.
So in places with predominance of two-phase custormers, the assessed unbalance may be up
fo 3%.
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Figure 5.49: Voltage Unbalance

The data show that arcund 1:50AM till 6:30AM the voltage is in limits because the unbalance is
around 0.1 to 0.2. The peak hours starts from 7.00AM fo 10:00AM because that time the
sfudenis are preparing for breakfast, iaking showers and the cafeteria is cooking. Actually
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according to the graph, during the time when the students are at residence, peak hours start and
stop when they are sleeping.

5.9.1.2 RMS Voltage
Figure 5.50 shows the voltage root mean square (rms) obtained by the ImpedoGraph for Sacco
substation from 02-06-2009 #li 03-06-2009. The VRMS is presented in percentages.

—— clmta1:331. 24113
e, gt 7331 24K 2)

TIme{13min}

Figure 5.50: RMS Voltages by impedoGraph meter

Trends data represent the characteristics of power quality variations that are usually slow and
continuous in time in comparison o data. Reactive power can play an important pant to
compensate the problem for voltage RMS variations.

5.10 ProvoGraph Meter

5.10.1 RMS Voltage
Figure 5.52 shows the voltage roct mean square {rms}) obtained by the ProvoGraph meter

Mragurs Wrme)
TN , i
= m—ym = - = %
WINAY

Figure 5.51: VRMS Voltages
Reactive power can play an important part to compensate the problem for voitage BMS

variations.
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5.11 Discussion of the resdlts

Agcording to the measurements taken, there are some power qualily disturbances like swells,
crest factor, harmonics etc. Current harmonics are irr high percentage although they are not so
dangerous for the equipment. Voltage harmonics are not important because they do not even
reach 5%.

»

5.12 Conclusion

All power quaslity disturbances are calculated by the meters DMK4Q lovalo, impedoGraph and
ProvoGraph in chapter six. MySQL data base and MATLAB are used to plot graphs.
Comparison of measured parameters and calculated parameters/indicators of power quality are
presented in the next chapter.
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CHAPTER SIX

. CALCULATION OF POWER QUALITY PARAMETERS (INDICATORS)

REESuy AR AR NN NS AN I T T N A NS T A NPT AN PN NSRS AR EN N E SN AN RN AN SRR EEEE SASEERSFESERENEAN g NEN

-

6.1 introduction

Al measured data is stored {exported) to MySQL DB managser database, where data then is
easily to be imported to sofiware MATLAB via ODBC communication protocol. MySQL database
- allows the users 1o store and use data. The comparison is dene by using MySQL and MATLAB
1o calculate the disturbances and compare them with the data from the metar’s calculations. The
-~ measured data from Information Techneology (IT) building was used to calculate different
parameters of power system quality and compare with the measured or calculated by the mater
ones. The following parameters are calculated: power factor, real power, active power, apparent
power, crest factor, voltage unbalance.

6.2 Algorithm for calculations

An algorithm for calculation of the power quality disturbances and indicators is shown in Figure
6.1.
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- . Substations

¥
Measurement of

ImpedoGraph or
ProvoGraph

Estimnation of
power quality

Power quality
indicdtor

calculated by
the mpter

ImpedoGraph/ DMK40 Lovato

Analysisf Validation

A 4

Improvement of
estrmation

Figure 6.1: Algorithm for Measurement, data storage and disturbances estimation

6.3 Power Quality parameters
6.3.1 Power Factor

As already defined on the previous chapter power factor is the ratio of the real power flowing
through the system 1o the apparent power.

The alternating current {AC) is characterized with three power components which are apparent
power, real power and reactive power. In electrical power system, real power is considered to be
the work producing power measured in watts (W) or kilowatts (kW) (Ed Kwiatkowski, 2003-10-
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06). Reactive power is the gualily which is normally only classified for afternating current in
electrical systems. Apparent power can be defined as the product of root mean square voltage
and the root mean square current that delivered in an alternating current circuit, whereby there is
no account being taken of the phase difference between voltage and current.
The formula for the power {actor can be expressed as follows:

Real power (P)
“Apparent power(S)

Power factor= (6.1}

ft is where the Apparent power = J(Real Power)? + (Reactive Power)?

=P +Q? 6.2)

where § is the magnitude of apparent power, Pis the magnituds of the active power, and Q is
the magnitude of the reactive power.
The Real power is calculated as:
Real Power=Vx1Ixcosé& 8.3)
Where V is the voitage. | is the current, & is the angle between them
The apparent power is calculated as Apparent power = Vrms X Irms {6.4)
Where Vrms is the root mean square voltage, Irms is the mean square current.

Vicos#

Power factor = {6.5]a

Power factor=cos& {(6.5)b
The formula of Equation 6.1 was used fo caiculate the power factor on the bases of measured
data.

A vector diagram representing the power factor is given on Figure 6.2 shown below

kW (Real Power)

) PF=Cos L8

Apparent Power(kyYA)

CIVAN Famod 3ansedy

Figure 6.2: Vector diagram for Caiculation of the Power Factor
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6.3.1.1 Causes of Poor Power Factor
The poor power factor can creates some considerabls cost and the performance consequences
for power system. The causes of poor power factor are following below:

* The welding machines.

« Induction motors.

* The induction heating equipment.

* Solencids.

. The poarly designed equipment.

6.3.1.2 Improving or correcting the power factor
in order to eliminate the power factor penalty that is charged by the utility. Somie measures can
be provided as:

« Use high power factor lighting ballasts.

» Use of the capacior banks.

6.3.1.3 Calculated Power Factor and Measured Power Factor

There is data measured from substations around the Cape Peninsula University of Technology
and the data saved in MySQL. This data is used to perform calculations of the power quality
disturbances/ indicator and to do comparison bstween these calculations and the calculations
dong by the meters. In this case the measured active power and apparent power are used for
calculations of the power factor. The calculated power factor by the meter is used for
comparison. This is done for every substation and every phase. The errors between the
calculated and measured {calculated by the lmpedbGraph) values are calculated, according
to.ePF = PFc~ PFm.

‘where PFc is the calcutated power factor value and PFm is the measured power factor value.
The data from IT building is measured for a week with sampling period of 10 minutes. The data
is stored in MySQL. The following Table 6.1 shows that there is very small difference between
calculated power facior and measured power factor. Only few values are displayed in the table
to show the results. A MATLAB program using data from MySQL to perform calculations mysq/
power factor (wholej.m is shown in Appendix E
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Table 6.1: Calculated Power Factor and Measured Power Factor for IT building.

‘Calculated

Fundamental

Fundamental

Calcufated

Calculated . | Measured

Fundamental | Fundamental

| Measured

Fundamental

Fundamental |
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Graphs of the calculated power factor for a period of week are given in Figure 6.3 for the three

phases, where sampiing period is 10 minutes and the number of sampling points are 350.

Caiculated Fower Factor

bl

O.89

o985

=0
MNumber of polints

Figure 6.3: Power Factor Graph.

6.3.1.4 The Difterence between Calculated and Measured Power Factor

The calculated active power and apparent power values were exported to software MySQL
during the process of saving of data and called again in order to calculate the power factors and
compare with measured power factors. Calculated and measured power factors graph were
printed in order to compare them. There is no difference between the calculated and measured
power factor in these graphs. In figure 6.4, it can be seen that the two graphs are very close.
Tha software for calculation mysqf power factor (whole).mis given in appendix

Measured power factor Caiculated Power Factor
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Figure 6.4: Calcuiated and Measured Power Faclor
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6.5.1.5 The Error between Calculated and Measured Power Factor
The error is calculated by the program mysgl power factor {whole).m, Appendix E. The obtained
graph is shown in figure 6.5(a).

x 10° © Calculated Error

Eny
G A G b =« o = N w & @O

~ Figure 6.5(a): Error between Calculated and Measured power factors.

It can be seen that the error is very small in the range of107% . The figure 6.5(b) below, shows the
error splitted into three phases, which is phase 1, phase 2, and phase 3.

Phase 1 ' Phase 2 Phase 3

Figure 6.5(b): Error between Calculated and Measured power factors in the Separate
Phases. '
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6.3.2 Real Power /Active Power

Power can be determined by measuring the voltage and current of a system. Power consumed
by the system or delivered by the system is measured in terms of real, reactive, apparenf power
and power factor.

Real power or-active power is defined as the time average of the instantanecus product of
voltage and current: P= VxIxcosf . When there are data from measurement for some period
of time the active power can be calculated by averaging the powers at the sampling points (K.
Mohan,2009-10-12:3). This can be given as:

P={) P(H}n

i=1
={P(+P2)+P(N +......... +P(n)}/n
(VD<K + V)< KD+ VR XIG) + ... + V() x W) } {7.5)
where n is the number of the samples. The following Table 6.2 shows the small difference
between the calculated and measured active or real powers for the IT building.

6.3.2.1 The Ditference between Calculated and Measured Active Power

The data is taken from iT substation only for one week, sampling period of 10 minules and the
number of sampling points are 350. The program active power.m using MySQL and MATLAB is
developed, ses the Appendix F, Calculated and measured graphs are given in Figure 8.7 as well
as calculated error graphs in Figure 6.8{a). The active power is calculated using the formula
P=VxIxcos@. Only few values of the calculation are shown in the Table 6.2
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Table 6.2: Calcufated Active power and Measured Active Power.

Calculated .

Calculated.:

e

Calculated

Measured

.| Measured .. |

_Power(w)

(;Power(w

ower(w):

“55013.00

~30944.00

~33440.00

£5039.00

5097200

~33465.00

560758

30,1530

249414

55013.00 | 30944.00 | 33440.00 | 55039.00 | 30974.00 | 3346500 | -26.0758 |-30.1539 | -24.9414
54890.00 | 3085100 | 33381.00 | 5491400 | 30887.00 | 33404.00 | -24.7148 | -35.3547 |-22.4770
53248.00 | 29937.00 | 3192400 | 53269.00 | 29950.00 | 31928.00 | -209734 | -12.9174 |-3.3120
52366.00 | 29103.00 | 30969.00 | 52393.00_| 29139.00 | 30998.00 | -26.7256 | -35.9903 | -28.6236
52680.00 | 2932500 | 3098500 | 52710.00 | 29349.00 | 31008.00 | 207435 | -24.3283 | -21.8144
54463.00 | 00782.00 | 33259.00 | 54492.00 | 1081500 | 33280.00 |-28.9312 |-33.1466 | -20.7257
55020.00 | 31211.00 | 3344000 | 55057.00 | 31231.00 | 33606.00 |-36.9536 |-20.3240 | -26.9887
54561.00 | 30558.00 | 33440.00 | 54581.00 | 30576.00 | 52981.00 | -19.9244 |-17.6241 | -7.7905
52512.00 | 29210.00 | 83381.00 | 52538.00 | 29237.00 | 50940.00 | -26.7851 | -26.7768 | -20.8577
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" The graphs of the calculated and measured active powers are shown in figure 6.6. It can be

seen that the two graphs are very close.

L i i)
T-Plﬁe-{p---r—l-——--l———. —lm = — gl — — = o - - o

Figure 6.6: Calculated and Measured Actlve Power Graph

6.3.2.2 The Error between Calculated and Measured Active Power
The errors between the calculated and measured active powers are shown in Figure 6.7(a).

arror baetween calculated and measured active power
160 - r

140 ------——

IR

120 ------~-d-

100 b-----n--

-—1 -

Number of points

Figure 6.7(a): Error between Calculated and Measured Active Power. _

It can be seen that there are some big errors at some momenits of time. The graphs of the errors
in different phases are shown in Figure 6.7(b}. It can be seen thal the smallgst errors are
obtained for phase 1 and the biggest ones for phase 2.
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Figure 6.7{b): Errors between Calculated and Measured Active Power in Phases

6.3.3 Apparent Power

The three phase apparent power is not invariant in the power system. lts value depends on how
the voltage and currents are defined or measured. The source phase voltage can have different
RMS values and can even have difierent harmonic contents, sometimes from the centre of the
load and sometimas from an artificial source (Malengret et al, 2003, 2).

6.3.3.1 The Single-Phase Sinusoidal Situation

The apparent power is defined as the product of the rms values of the voltage and the current

(5 =lrh.

it can readily be seen that this is the maximal power that can be realized by a given sinusocidal
voltage and a current of given rms value (which corresponds to given fine losses). This quantity
is characteristic for the cost of the equipment for the power transfer, since the rms value of the
current characterizes the required conducior size and the rmms value of the wvoltage
characteristics the insulation. The square of the active power and the square of the reactive

power (@ =|V|{/|sin(p) ). determines the square of the apparent power:
N SZ = PZ +Q2

s=JP?+@’ (6.7)

Other formula also can be used 1o calculate apparent power is:

119



S =Vrms.irms (6.8)

For sinuscidal single-phase systems the apparent power can hence be defined in various

o equivalent ways:

» The apparent power is the product of the rms values of voltage and current and
characterizes the cost of the equipment (with respect to conductor size and insulation).

s  The apparent power is the square root of the sum of the squares of active and reactive
powser and can be seen as the composition of active {useful) and reactive (non-useful}
power;

« The apparent power is the maximal active (useful) power that can be delivered by the
given voltage with the given curreni magnitude {or the same losses in the conductor)
{Willems et al, 2003:2).

6.3.3.2 The Difference hetween Calculated and Measured Apparent Power

The data is taken frem IT substation only for one week, sampling period of 10 minutes and the
numhber of sampling points are 640. The program apparent power work.m using the MySQL and
MATLAB, see the Appendix M is developed for apparent power calculation, plotting of measured
and calculated graphs as well as error graphs. Some extract of the calculated and measured
apparent power values and of the errors between them is shown in Table 6.3.
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Table 6.3: Calculated Apparent power and Measured Apparent Power.

Calculated . | Calculated . | Calculated - 7| Measured .| Measured .
Apparent | Apparent Apparent R R

Power(w)

Power(w)

Pawer(w)

: P0wer(w)

0.0021
0.6157 3.4416 3.7872 0.6157 3.4416 3.7872 0.0021
0.6150 3.4354 3.7826 0.6150 3.4354 3.7826 -0.0027
0.6003 3.3548 3.6578 0.6003 3.3548 3.6578 0.0015
0.5928 3.2830 3.5764 0.56828 3.2830 3.5764 -0.0017
0.5961 3.3050 3.5809 0.5961 3.3050 3.5809 -0.0010
0.6115 3.4342 3.7775 0.6115 3.4342 3.7775 -0.0013
0.6172 34717 3.8087 0.6172 34717 3.8087 -0.0041
0.6123 3.4079 3.7478 0.6123 3.4079 3.7477 -0.0015
0.5946 3.4416 3.5681 0.6157 3.2912 3.5681 -0.0034
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The graphs of the calculated and measured active powers are shown in Figure 6.8
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Figure 6.8: Measured and Calculated Apparent power Graph
it can be seen that the two graphs are very close.

6.3.3.3 The Error between Calculated and Measured Apparent Power
The error between the calculated and measured apparent power are shown in figure 6.9
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Figure 6.9(a): Error between Calculated and Measured Apparent Power.

The figure 6.9(b) below, shows the errors splitted into three phases, which is phase 1, phase 2.

_ jta&P

and phase 3. It can be seen that the error is very small its average value is e =-2——, where n
n

is the number of data points the obtained average value for every of the phases is ;‘ =e,= ;3.

The smaliest error is for the phase 2 and the biggest one is for phase 1and phase 3
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Figure 6.9(b): Error between Calculated and Measured Apparent power in Phases.

6.3.4 RMS Voltage

in electronics, ac voltages typically are specified with a value equal to a de voltage that is

capable of doing the same amount of work. For sinuscidal veltages, this value is -j-—atémes the
peak voltage (V) and is called the root mean square or rms voltage (Vrms), given by

V.
V. =—2=(0.707)Y, 6.9

Household line voltages are specified according to rms values. This means that a 230V ac ling
would actually have a peak voitage that is ﬁ {or 1.414) times greater than the rms voltages.
The true expression for the voltage would be 23042 cos {ax) {Paul Scherz, 2007:21).

The measured voltage for the IT building obtained by the ImpedoGraph is shown in Figure 6.10
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Measured RMS Voltage

Number of points

Figure 6.10: Measured Voltage RMS

The data for BMS voltage is used further for calculation of the Crest Factor and the Apparent

Power.
6.3.5 Crest Factor

Crest factor is the ratio of the peak value of a sinusoidal waveform to #s RMS value. Crest factor
can he used as an indicator to quantify the harmonic distortion. The crest factor cannot be
related to the commonly used magnitude spectrum, instead a lime-domain approach is needed.
Ore may distinguish between a low-frequency crest factor and a high-frequency crest factor.
The high-frequency crest factor is a measure of the effect of the waveform on insulation aging.
The low-frequency crest factor of the current is a measure of the effective loading of electronic
series components. Note again that also the crest factor does not directly quantify the impact of
the waveform distortion. For this needs to be muliplied by the rms value of the voltage or
current. it could be more appropriate to use the voltage or current magnitude estimated from the
peak values {Bolien, et el,2006:207).The formula for crest factor is:

Peak Value
Crest factor (¢f) = ———— 6.9
rest factor (cf) S Valoe : 6.9
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6.3.5.1 The Difference between Calculated and Measured Crest Factor

The data is taken from IT substation, sampling pericd of 10 minutes and the number of sampling
points are 640. The program crest facior.m using the MySQL and MATLAB see the appendix K
is developed for crest factor calculation, plotting of measured and calculated graphs as well as
error graphs. Some extract of the calculated and measured crest factor values and of the errors
betwesen them is shown in Table 6.4

ras
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Table 6.4: Crest Factor Calculations

Calculate

d? - Crost

'_ Calculated :
Crest .-
Factor1

Calculated
Crest
Factort

Measured

AMS |

Voltage! -

Moasured -

Voltage2

Wessired

Calculated :

| Calculated

Voitage P

234.9948

535.4868

235.3687

3665430

4930151 453.0141

1.9981 2.0936 1.8247 234.9948 | 235.4868 | 235.3687 | 469.5430 493.0151 453.0141 02125 | 0.1424

7.0998 2.004 16269 2349160 | 235.4868 | 235.3687 | 469.7851 493.1093 453.5319 -0.0988 | 0.1200 o188
20152 21146 15444 2350538 | 235.5450 | 235.4474 | 473.6804 498.0852 457.6040 0.1181 | 0.0888 0280
20244 21274 16518 2355262 | 2359198 | 2359591 | 476.7991 501.8957 460.5450 0.1616 | 0.2118 0.0%02
2.0235 2.138 1.6537 2355065 | 236.0576 | 236.0575 | 47/6.5473 504.6911 461.1857 0.1785 | -0.1556 01072
20104 2.1079 1.9354 2349357 | 2355065 | 235.6246 | 472.3148 496.4241 456.0278 -0.1644 | -0.0505 0.1908
2.0039 21076 1.9282 2358607 | 2364905 | 236.6086 | 472.6413 498.4275 456.2288 00714 | -0.1180 e
2.0015 2.0996 1.9225 2356049 | 236.1363 | 236.1756 | 471.5631 4957917 454.0477 0.1883 |  0.1842 o122
20121 2.1184 7.9416 2358214 | 2363921 | 236.3331 | 474.4962 500.7731 4588643 -0.0484 { 0.0397 :;:::
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Figure 6.11: The Comparison between Calculated and Measured crest factor in Phases.
It can be seen that the two graphs are very close.

6.3.5.2 The Error between Calculated and Measured Crest tactor

The emror between the calculated and measured crest factor are shown in figure 6.11(a)

= Error betweon measured and calculated crest factor

Number of points
Figure 6.11(a): Error between Calculated and Measured crest factor
It can be seen that the error is very small in the range ot10™ The figure 6.11(b) below, shows
the errors are splitted into three phases, which is phase 1, phase 2, and phase 3.
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Figure 6.13(b): Error between Caicuiated and Measured crest factor in Phases.
6.3.6 Voltage Peak
Peak voltage is the highest of voltages given from alternating current. Peak voltage is actually

measured from 0V baseline fo either the positive peak or the negative peak, and while peak to
peak voltage is measured from the positive peak {o the negalive peak {(+Vp to —Vp).

— /\ A N
Peak-Peak Voltage Lage Peak \ RIdS
/ \J

Figure 6.14: Sine Wave with Peak-Peak, Peak Voltage and RMS Voltage.
Due 1o the fact that crest factor and root mean square {rms} voltage are measured data, then

formula can be used to calculate the voltage:
Voltage Peak =Crest factor X rms voltage (6.9)

This data also is taken from IT substation only for one week, sampling period of 10 minutes and
the number of sampling points is 640. The program (vpeakjwhole.rm using MySQL and MATLAB
is developed for the calculations, see Appendix G. Part of the calculated voltage peaks for every

128



phase are shown in Table 6.5. Plot of the calculated peaks for all data points is given in Figure
6.15 '
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Table 6.5: Voltage Peak Calculations

‘Measured ;- | Measured " | Measured - | Measured - - Measured - ‘Calculatec

| Crest - Crest: . | AMS. S AMS Voltage

|Factort - | Factori . -| Voltaget - | Voitage2 | Voltage3 | Peak1- ' |Peak2 = _|Peak:
20036 | 1.8247 | 234.9948 | 235.4868 535 3687 4696430 | 493.0151 | 453.0141
30936 1.9247 534.9948 235 4868 535 3687 469.5430 | 493.0151 | 453.0141
2 094 1.9269 234.9160 2354868 2353687 469.7851 | 493.1093 | 453.5319
21146 1.9444 235.0538 235.5459 235.4474 473.6804 | 498.0852 | 457.8040
21274 1.9518 2355062 235.9198 235.5591 476.7991 | 501.8957 | 460.5450
2138 1.9537 235.5065 236.0576 236.0575 4765473 | 504.6911 | 461.1857
2.1079 1.9354 234.9357 535.5065 535.6246 472.3148 | 498.4241 | 458.0278
2.1076 1.9282 235.8607 236.4905 236.6086 4726413 | 498.4275 | 456.2288
2.0996 1.9225 235.6049 236.1363 236.1756 4715631 | 495.7917 | 454.0477
21184 1.0416 235.8214 236.3021 236.3331 474.4962 | 500.7731 | 458.8643
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Figure 6.19: Caiculated Voltage Peak

The graphs of the calculated vollage peak and the measured crest factor are showing
approximately the same type of behaviour.
The voltage peak is giving information for the power quality disturbance. The calculated values
can be used to see if some sensitive equipment is used properly. Some high values and low
values points are observed on the graphs.

6.3.7 Voltage Unbalance.

Voitage unbalance is considered as a power quality disturbance of important concern at
electrical distribution. Because of unbalance voltage. the distribution system sustains a ot
(more) of losses. Heating effects and low stability of the system are also some of the
consequences. Voltage unbalanced is harmful 10 the equipment like adjustable speed drives
{ASD), induction motars. Unaven distribution of the single phase loads which changes across

the distribution system causes unbalance voltages.

6.3.7.1 Causes of Unbalanced Voltages.
« Faults in the power iransformer.
« inbalanced transformers fap setlings.
* Open delta connections.
e Unbalanced or unequal single-phase loads.
s Welders.
+ Unbalanced incoming utility supply.
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6.3.7.2 Definition of voltage unbalance. _
Voltage unbalance defined as a considered as a power quality disturbance of the significant
concern at electrical power distribution fevel. Three phases in the Figure 6.16. The algorithm for
calculation of voltage unbalance can be writlen as:

Phase A T i;.

Phase B S J : - Volts
: o o olts

Phase C

Figure 6.16: Phases in Voltage

Zero step: Take the measurements of the phase voltages V1, V2, V3.

First step: Add the voltage readings together.

| V,+V, +V,
3

Third step: Subtract the voltage average from one of the voltages that indicates the greatest

Second step: Find the voltage average. Voltage Avg = {6.10)

voltage difference.
Fourth step: Divide the greatast voltage difference by voltage average.

Maximum Deviation from the Average

Voltage Unbalance(%) =
5 (%) Voltage Average

100%  (6.11)

The voltage unbalance caused by a load connected only between two phases may be calculated

as:

Single phase load (MVA)x100% ) 6.12)
Three - phase short circuit level (MVA) at the point

Voltage Ubalance =

The data is taken from IT substation only for one week, sampling pericd of 10 minutes and the
number of sampling points is 640. The program voltage unbalance.m using MySQL and
MATLAB for calculation of voltage unbalance according to equations 6.10, 6.11 is developed
Appendix H. Some of the calculated values are shown in Table 6.6.
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Table 6.6: Voltage Unhatance

234.9%48 235.4868 235.3687 0.1227
234.9948 235.4868 235.3687 0.1227
234.9160 235.4868 235.3687 0.1450
235.0538 235.5458 235.4474 0.1254
235.5262 235.9198 235.9541 0.1169
235.5065 236.0576 236.0576 0.1558
234.9357 235.5085 235.6246 0.1784
235.8607 236.4905 236.6086 0.1943
235.6049 236.1363 236.1756 0.1557
235.8214 236.3921 236.3331 0.1227

The plot of the voltage unhalance is shown in Figure 6,17,
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Figure 6.17: Voltage Unbalance Graph.

Reduction of Unbalance
» Connection of disiribution loads to a different supply points
« Rearrangement of phase connections of one or more loads
s Connection of distribution load at a higher vaoltage level
s Provision of phase balancing or filtering equipment (Abu Dhabi,2005:5).

6.4 Discussion of the Results Obtained for IT building

The measured power quality disturbances parameters/ indicators obtained at IT building are
compared with the calculated power quality disturbances parameters, the results for calculated
and measured parameters are very close. The calculated paramesiers are power faclor, crest
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tactor, active power, apparent power, voltage peak, voltage unbaiance.
6.5 Conclusion

The chapter calculates some of the power quality characteristic parameters using the measured
and saved in MySQL database data from Cape Peninsula Universily of Technology reticulation
network. MATLAE programs o communicate with the database and calculate the disturbances
and power quality parameters are developed. The calculated results are very close to the
measured data.

This chapter also shows the importance of capturing the power quality data around CPUT
Bellville campus. The data indicates clearly what fypes of power quality disturbances need to be
sorted out. The next chapter describes the importance of Fourier analysis and calculations of
harmonic spectrum.
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CHAPTER SEVEN

FOURIER ANALYSIS AND HARMONICS

7.1 Introduction

Fourier analysis is the method of decomposing the periodic function into essential sine and
cosine waves. Fourier analysis also helps to understand the behaviour of signals and systems,
Many waveforms consist of a sum of variables, (for example power (energy)} at the mulliples of
the fundamental frequency tharmonics) and also at the fundamental frequency (harmonics),
where the relalive size of power {(energy) al the fundamental and of harmanics determines the
shape of the wave. The wave function can be expressed as the sum of sine functions and
cosine functions and it is called Fourier series.

7.2 IEC Standard Method: IEC 6100-4-30, IEC 61000-3-7

Harmonic and Interharmonic measurement has been proposed by IEC. So the Discrete Fourier
Transform is performed over a rectanguiar window with determined length.

7.2.1 IEC 61000-4-30

IEC 61000-4-30 defines the way the voltage quality should be measured. According to (EC
6100-4-30 standard, the basic measurement window used to calculate the unbalance is the
same as for voltage magnitude and harmonic distortion: 10 cycles in a 50Hz syslem, 12 cycles
in a 60Hz system, about 200ms in each case. Next 1o the negative-sequence unbalance, a ©
zero-sequence” may be calculated as the ratio between zero-sequence and positive-sequence
voltage {(Umar Naseem Khan, 2009-09-20)

7.2.2 [EC 61000-4-7

The IEC 81000-4-7 standard actually defines the way in which the harmonic current distortion
should be measured. The assessment of harmonics up to SkHz is performed by the application
of the Fourier ransform, using a rectangular window whose width is equal to 10 cycles (50Hz
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system). Since the Fourler algorithm assumes that the analyzaed signal is stationary, to improve
the assessment accuracy, IEC 61000-4-7 requires the application of grouping, which consisis in
the summation of harmonic components of neighboring frequencies. The analytical relations
uysed in the preseot analysis to describe the grouping methodology for integer harmaonic,
interharmonics and higher frequency harmonics are given in {Tentzerakis et al, 2009-09-20}.

7.3 FREQUENCIES-DOMAIN ANALYSIS AND SIGNAL TRANSFORM:
7.3.1 Continuous and Discrete Fourier Series

7.3.1.1 Continuous-Time Perlodic Signals

The continucus-time periodic signals are the signals thai satisfy the condition for periodicity to
be determined for—ee <t < eo, And also it is important to note that if this condition is satisfied for
a given period T. it is also satisfied for all integer muitiplies of T. So the smallest T which
satisfies this condition is called a period of the periodic signal. The frequency formula of the

periodic signal is f:%aﬂdT=%. Angular frequency is @=21f or m:%-fr-[rad]. The

graphical presentation of an periodic signal is given in Figure 7.1a),b}

' LIl
AN N AN 1 t,

S N NS T e oy T
Periodic signal, x(t)

a)Time domain representation biFrequency representation
Figure 7.1: Representation of a Periodic Signal.

A continuous-time periodic signal with period T can be decomposed into an infinite sum of
complex exponentials, multiplied by Fourier coefficients (Andrew E. Yagle, 2009:2).

= J_z_r“
(=) xe 7 (7.1)
wher:e x  are the coeffierenis and x(t} can also be represented in this form:

Ix 4x b 3x,

= = % =
xt)=x,+xe T +x,e T +x;e +x,e Forenn
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-2 i -1 -iZ
+xe +x,€ + xye +x,e

In order to get the coefficients x, the following formula is applied:
15 . -
X -—F “%x(t)e " dt (7.3}

7.3.1.2 Discrete-Time Periodic Signals
Discrete-time signals are signals which are represenied by their values at discrete momenis of
time. One illustration of a discrete time signal is shown in Figure 7.2, where n is the discrete

fime.
X|n}
F
X Xrs]
. i »
b-4 vl 4] X[eEl
3 Fy Ar.
i zn] Xi7
x[ﬂ] &
1 -n
0 1 2 3 3 5 & 7 8

Figure 7.2: Data points (X [0], X [1], X [2], X [3]...) represent the signal.

The periodic sequence x(n} can have a period N. It is where x(n)=x(n+N) tor all n. Fourier series
actually represents x(n) which consists of N harmonically related exponential functions:

Wy =e;’N——- where k=0,12....N -1 (7.5)

The discrete periedic signal x(n) can be calculated using the Fourier formula

jlgn

N-1
x(m)=Y xe ¥ {7.6)
k=0

In an extended form:

vis JAr jﬁx jtﬁn

ey 3
J=—n
Anl=x,+xe ¥ +x,e¥ +xe ¥ +xp e
3
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2x Ax bx N1
i=n —i—n — =i — fR—n

. N N N
+xe " +x,e +x,e +X g€

2x Jar bx . N
= " N N e
Adrl=x,+xe ¥ +x,e¥ +xe " +x,. € (7.7}

The coefficients x, are computed using the following formula, which is the N-point DFT

1 M 2
- x,‘=-&-z,t{n)e N (7.8)
=0

where x, are the coefficients in the series representation. x, represent the amplitude and phase

jlxn
associated with the frequency components e ¥ .

7.4 Discrete Fourier Transform

Discrete Fourier Transform is a discrete type of Fourier transform, used in Fourier analysis.

Discrate Fourier Transform always allows using a finite-length window of data. The finite-length
window of data has to be pericdical in a way that a finite length signal is the element of the
related periodic signal. Finite-length consists of N samples, where the samples are taken at the

momenis ¢, :

"=nm=f£ where At=£ 7=0L2...N~1] (7.9
N N :

~ Nis the number of samples within the measurement window T. The windows with the sampling

period N(T) is given in Figure 7.3.

e ’ l

Figu}é 7.3: Window with length equai to the period T

138



The DFT is often used in harmonic measurement because the measured data is always
available in the form of a sampled time functicn. The sampled time function is represented by a
time series of points of known magnitude separated by fixed time intervals of limited duration.
Fourier analysis can be done by DFTs. The DFTs are often calculated by the use of fast Fourier
transform (FFT) algorithm. FFT techniques are very fast methods for performing the DFT
calculations {7.10) and (7.11}):

N

k] = 31,-2 Anle

x
~ =k
+ N

{7.10)

N-1

xn]=) «kle
k=0

jifk.n
N {7.11}
where k,n=01......N—1.

which aflow the evafuation of a large number of functions. There are a number of available FFT
algorithms that can be easily used in harmonic analysis (Chang & Ribeire 2009-08-08). The
research work in the thesis requires development of an algorithm for studying of the power
quality harmonics by their calculation and analysis. The application of campus data for this
purpose is not possible because of a variable meters can not store data measured with small
sampling period. On the basis of above the investigation is done using generated voltage
periodic signals.

7.4.1 Analysis and Synthesis of Discrete Signals, DFT, the Sampling Theorem and
Phenomena Aliasing.

The meters used for measurement can calculate harmonics on the basis of 200 miliseconds
windows but they are not made to save the data from these windows. That is why in order to
provide some investigations with DFT or FFT is necessary 1o design a lest signal which can be
considered as a real one. Such signal can be generated in Simulink.

MATLAB has a toolbox called Simulink. Simulink offers a set of commands for analyzing and
synthesizing same basic discrete signals: Square wave, sine wave etc. Some of the complex
signals can be analyzed and synthesized by the combination of the basic signals. In Figure 7.4,
sine wave and uniform random numbers are summed to produce complex sine wave. The
addition of uniform random noise in sine wave can generate noise. The purpose of building
Simulink model is to generate a data that can be used for analysis with DFT or FFT.
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The data for Simulink function, summed with Uniform Random Number function with
parameters, minimum=-10, maximum=10, inftial seed=0, sample time=0.002 is generated. The
sine wave, parameters are: amplitude = 10, bias=0, frequency=100, phase=0. The parameters
of the function To workspace are: decimation=1, sample time=0.002. The frequency of the sine

functionise = 2:# Jhen f =2—w— and, the pericd is T =%, The sampling At =% time between
z

data points, where..N is the number of point is taken in the window equal to the value of the
period.

Clock To workepacei
—
Scopa
Uniformm Random
Number
——ﬁ face l
To Wornopace
I\ i

Sine Wave

Figure 7.4: Sine Wave and Uniform Random number in Simutink

The Uniform Random Number block generates uniformly distributed random numbers over a
specifiable interval with a specifiable starling seed. The seed is reset each time a simulation
starts. The generated sequence is repeatable and can be produced by any Uniform Randem
Number block with the same seed and parameters [http://www.oit.uci.edu/dcslib/MATLAB (2009-
11/2:50 PM)].

Sine Wave block gives a sinusoidal waveform and it operates either in continuous or in discrele

mode.

The Unitorm Random Number and Sine Wave block were built in Simulink and added together
to make a data. The purpose of adding those signals together is to make sometimes the sample
point at the positive peak to move unpredictably up and down from its correct value. in figure 7.5
below, the waveform of noise have small spikes with zero crossings occurring at irregular

intervals. The data can be used to calcufate the harmonics.
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Figure 7.5: Generation of the distorted signal in Simulink
7.4.1.1 Calculations Using Discrete Fourier Transform

The Simulink model in Figure 7.4 is simulated to create a data which is used in DFT, considering
the discrete-time periodic signal. The noise signal has period T=0.02 and is sent to MATLAB
work space in the file face. The window selected for the example calculation is:

face ={.......-5.6208 -7.0724 7.4715 9.2324.......}

The number of points in the pericd T = 0.02, is N=4 and Discrete Fourier Transform (DFT) is
computed using the following formulas for the coefficients of the Fourier series:

1 ¥ - kn

== xnle ¥, k=0123 (7.12)
N3

" Which applied to the considered example is:

3 L
face, =i»zx[n]e WY k=0123 | (7.13)
=0

The equations below were used to calculate discrete Fourier transform or fast Fourier transfarm.

face, = i-(x{ﬂ] +x1]e® + x{2)e 7 + {3)e°) =1.0027
1 - -2 -8
face, = Z(x[oH Alle "¢ +xf2le 4 +x3le 4 )=-3.2731+4.0762;

. o A e
face, =~i(x[0]+x{l}e U420 ¢ +x3k * )=-0.3093—0.0000
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.in 185

bx _lx _lsx
face, =iu{01+x[11e A2 E 4l ) =—13.0923—16.3048 )

The obtained coefficients are used further for calculation of the inverse Fourier transform.

7.4.1.2DFT/ FFT MATLAB Program

-

Now it is wise to prove the hand writing calculations by programming using MATLAB software.
The calculations for facek coefficients and X(n) follow:

Discrete Fourier Transform {(DFT) program
The software implerments the formula for the OFT

] %2 L
x =§—inn]e ¥ k=0123 (7.14)
n=0

% Digcrete Fourier Transform

% This function generates the coefficients for a signal face(k)
% Number of samples =N

% Perform summation

face=[-5.6208 -7.0724 7.4715 9.2324] % define a sequence length
N = length{face);

for k=0:N-1;
facen=0; % summation
for n=0:N-1;
facen=facen+face{n+1 ) exp{-*{(2°pi/Ny n*k);
end

faceni(k+1.1)=facen;
facek=faceni/N;
end ’

The results from the running of the above software is
facek =

1.0027

-3.2731 + 4.0762i
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-0.0773 - 0.0000i
-3.2731 - 4.0762i
it can be seen that the results from the manual calcutation and the scftware calculations are the
same.
In order to prove that the calculated coefficients are right ones {o generate the data the Inverse
Discrete Fourier Transform ({DFT) is used. The calculations are done according to the formula:

) — ir -
xin]= 3 atkle’*
k=0

which can be written in the following way.

X 4 6x

X[N]=10027+(-32731+4076X)¢ ¢ +(-0.0773¢ * +(-32731-4076X)e +

MATLAB program used for calcutating the values of the data samples are as follows:

x=facek;
N=length(x};

for n=0:N-1:

sum=0;
for k=0:N-1;
sum=sum+x{k+1) exp{i*{2*pi/Ny'n"k});

end

sumt{n+1,1)}=5um;

Xn=sumii;

end

~ The result for the four samples of data is
Xn=
-5.6208 - 0.00C0i
-7.0724 - 0.0000%
7.4715
9.2324 - 0.0000i
The result shows that face = Xn, or the result verifies that the program in MATLAE performs
well,
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7.5 Calculation of the Harmonics Created in Simulink Model
7.5.1 Application of the developed software

In the power system, the definition of a harmonics can be stated as: A sinusoidal component of
a periodic wave having a frequency thal is an integral multiple of the fundamental frequency.
Thus for a power, system with fundamental frequency, the frequency of the hth order of

harmonic is hf,. Harmonics are often used to define distorted sinewaves associated with

currents and voltages of different amplitudes and frequencies {Chang et al,2009-10:2).

The data for Simulink function, on Uniform Random Number the parameters are: minimums=-10,
maximum=10, inilial seed=0, sample tme=0.02. On the sine wave, amplitude = 10, bias=0,
frequency=50, phase=0 and to workspace, decimation=1, sample time=0.02. The following data
created in Simulink is considered, Figure 7.7
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Figure 7.7: Data generated by the Simulink mode!.

The calcufation of the coefficients for the whole period is performed in MATLAB in the same way
as in the example above. The array of the absolute values of obtained coefficients is plotted
following harmonics, Figure 7.9.MATLAB program Harmenics example.m for harmonics see
Appendix |. Table 7.1 is for estimated data and coefficients of facek
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Table 7.1: Estimated data and coefficienis of facek(Xk) from Simulink

-5.6208 -5.6208 - 0.0000i 0.0859
-0.7541 -0.7541 + 0.0000i -0.8290 +0.5755i
12.8294 12.8294 + 0.0000i | -0.1656 - 0.0549i
55882 5.5882 + 0.0000i 0.2385 - 1.0760i
1.6724 1.6724 - 0.0000i -0.7579 - 0.4262i
-12.1545 -12.1545 + 0.0000i -0.7961 - 0.1898i
-3.5352 -3.56352 - 0.0000i 0.2252 ~ 0.1232i
12.0729 12.0729 - 0.0000i -1.0379 - 0.5333i
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Figure 7.8: Data from Simulink and Estimated data

It can be scen that data from Simulink and estimated data are the same to prove that
calculations are right.
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Figure 7.9: Harmonics.

When the signal is periodic with fundamental frequency, frequencies composing this signal are
integer maultiples of {Hz}, example 1fHz, 2{Hz, 3fHz, 4iHz. These frequencies represents
harmonics, so the first harmonic is 1{Hz, second harmonic is 2fHz ete.

7.5.2 Error between Original data and Estimated Signal
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MySQL and MATLAB program Harmonics example.m for error between origina! data and
. estimated signal is in Appendix |. To compare the original data with the estimated signal by the
inverse FFT, the error between is calculated the following way: err=face-Xn

The results are shown in Figure 7.10
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Figure 7.10: Error in the Caiculation of the Coetlicients of the harmonics.

it can be seen ihat the values of the errors for every moment is in the range of 107", which
shows that the estimated signal is very close 1o the original data,

7.5.3 Calculations of separate Harmonics

In Figure 7.11, the inverse Fourier transform is applied, but it applied only for one of the multiple
frequencies. See Appendix |
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Figure 7.11: Graphs of the separate harmonics

7.6 Harmonics signal generation using impedoGraph meter.
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The impedoGraph meter has capability to sample the real signal and prescribes values of the
sampling interval.

This meter however has not capability to save the measured waveforms. One way 10 overcomse
this difficulty is to use an injector as input to the ImpedoGraph and to generate the required
waveforms.

Voltage and current were injected from the injector using impedoGraph meter in order to
compute harmonics using FFT in MATLAB. The following Figure 7.12 shows the voltage square
waveform generated by the injector. The configuration template for the time of square wave form
is to produce signal for 0.5s (half a second) every one minute far the period of 25 minutes.
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Figure 7.12: Voltage Square Wave form from the Injector

The ImpedoGraph produces three phase voltages. These signals are used for calculation of
DFT and then Inverse Fourier transform is applied. The voltage data and the data cbtained by
the calculations are compared to find the error of the estimation. Some of the results are shown
in Table 7.2. The absolute value of the harmonics is show in Figure 7.13
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Table 7.2: Measured Voltages and Coefficients of Xk

Measured ' | Measured : | Measured | Inverse | Inverse Cosftticient
Voltagen ,Vpltilgpé Voltage3 Fourlor Fourler
G il 2T | Transform: | Transform

328.1967

328.1070

328.4219

3291304 | 329.2682 | 329.2682 | 329.13 329.27

329.1501 | 329.3076 | 329.3272 | 329.15 529.31

329.1895 | 329.3469 | 329.3469 | 329.19 329.35

329.2002 |329.3469 | 329.3666 | 329.21 329.35

329.2092 | 329.3666 | 329.3666 | 329.21 329.37

3000289 | 329.3666 | 329.3863 | 329.23 329.37

3200289 | 329.3863 | 329.3863 | 329.23 329.39

329.2289 | 329.3863 ) 329.3863 | 329.23 329.39 . .

3290682 | 320.3863 | 320.4060 | 329.27 329.39 0.0416 0.0410 0.0421
THD{XK] THO{XK) THO(XK)
0.1221 0.1068 0.0119
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Figure 7.13: Caicutated Harmonics

The Fast Fourier Transform (FFT) is done an the single 50Hz cycle of data. Then 3200 point
FFT is performed. it gives decomposition into 1600 harmonics. MySQL and MATLAB program
- harmonics.m for harmonics caleulations is shown in Appendix J2

7.6.1 Error hetween Measured voltages and Inverse Discrete Fourier Transform data.

in Figure 7.14 below the graph of the error between measured voltages and inverse discreie
Fourier transform data {Xn) to check how close estimated signal is to the original data is shown

Table 7.2, MATLAB and MySQL program Error.m for caleulations see appendix J4.

Error between measured voltages and inverse discrete Fourier transform
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Figu;e 7.14: Error between Measured voltages and Coefficients of Xn
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To compare the injected data with the estimated signal by the inverse FFT, the error is
calculated the following way: error=measured voltages-inverse Fourier transform (Xn). it can be
seen that the values of the errors for every moment are in the range of 107, which shows that

the estimated signal is very close to the original data.

7.6.2 Calculations of separate harmonics
These graphs are plotted in sach phase, Figure 7.15. The following graphs are the graphs from
the injected data, these graphs were plotted to check the fundamentals, second harmonics, third

harmonigs etc.

Figure 7.15: Graphs of the separate harmonics in each phase

7.7 Conclusion

In harmonic studies, the fundamental concepts are Fourier series and Fourier analysis. Distorted
sinusoidal signals are considered where the frequencies composing the signal are the integer
multiplies of fundamental one f(Hz), and the signals with these frequencies are called

harmonics.

Uniform Random Number and Sine Wave block were built in Simulink and added together to
make data. The data from the simulink mode! used to calcufate the harmonics.

150



impedoGraph is used to measure the voltage and current injected by the injector to generate the
required waveforms. 3200 poinis data is used in FFT. it gives decompaosition into 1600
harmonics. The next chapter describes the conclusions and future direction of research.
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CHAPTER EIGHT

CONCLUSIONS AND FUTURE DIRECTION OF RESEARCH

8.1 Project aim an'd'objectlves

Power quality (PQ) has become a significant issue for both power suppliers and customers. So it
' tﬁécenées more important to precisely measure and monitor it and identify the causes of power
quality corruption and try to come up with solution of power quality corruption. The main
research problem of the projact is to investigate the power quality of a distribution network by
selection of proper measurement, applying and developing the existing classic and modern
signat conditioning methods for power disturbance’s parameters extracting and monitoring.

8.2 Project deliverables
8.2.1 Literature Overview, analysis of power quality and its application
8.2.1.1 Literature Overview
Review of different modern papers that analyse some power quality disturbances and propose
effective solutions. The following criteria are considered:
+ What type of system is investigated
¢ Type of power quality disturbance analyzed
* Signal processing methods used
» Real-timg implementation performed

» Methods of charactering the considered disturbance.

8.2.1.2 Analysis of power quality and its application
An analysis of the deﬁn'ftions and description of power quality disturbances is done, paying
attention to the following points:

« Sympioms of poor power quality

+ Power quality disturbances

¢ Detecting and classifying power quality disturbances.

e (haracterizing power quality disturbances

» Source of these power quality disturbances
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+ load sensitive: Electrical equipment affected by poor power guality
+ - Studying equipment sensitivity during power quality disturbances
» Solutions for improving power quality

8.2.1.3 Analysis of the existing standards for power quality measurements, data
collection and monitoring.
The following impodant points were considered

8.2.1.3.1 Measurements
The measurements results for power quality disturbances cbtained from substations in the
distribution network.

« The reasons for carry out{ making) power quality measurements

= Pgwer quality measurements methods

+ IEC 61000-4-7 standard

« {EC Electromagnetic Compatibility approach

+ IEC 61000-15-15 method

» EN/IEC 61000-3-2 standard

8.2.1.3.2 Monitoring
» Importance of monitoring power quality
+ The methodology of power quality monitoring
+ Monitoring process

8.2.1.4 Data Collection and Simulation

« Power qualily data callection

« Methods of data collection

e Description of the Cape Peninsula University of Technology (CPUT) Bellville Campus
reticulation network. .

e Algorithm for measuéefnent and harmonic estimation

» Parallel connection
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8.2.2 Implementation of Algorithms for Calculation ot power quality disturbances/
indicators. '

The different types of measured data are used fo calculate some of the power quality

disturbances or indicators. The algorithms are based on the relationship between the power

network variables. The following indicators and disturbances are calculated:

1)} Power factor

o MySQL and MATLAB softwares are used in order 1o calculate power factor, on the basis
of the measured data for power. '

= Comparison of calculated and measured power factor is performed,

. = The error batween calculated and measured values was caleulated.

2) Apparent Power
+  Vrms and krms were the measured data used to calculate the apparent power and
MySQL and MATLAB software was developed.
= Comparison of calculated and measured apparent power was done.
+ The error between calculated and measured values was calcufated,

3) Voltage Peak
s Vrms and Crest factor were used to calculate voltage peak.

4) Voltage Unbalance
s Measured voitages are used fo calculate voltage unbalance.

5) Crest factor
» Vrms and Voltage peak were the measured data used to calculate the apparent power

and MySOL and MATLAB scftware was developed.
» Comparison of calculated and measured apparent power was done.

§
« The error betwesn calculated and measured values was calculated.
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8.2.3 Implementation of a Simulink model for generation of deteriorated by harmonics
periodi¢ signal

* In Simulink model, sine wave and Uniform random number sequence were added
together to create a distorted wave form. The waveform has small spikes with zero
crossings occurring at irregular intervals. The data can be used to calculate the

harmonics. | |

8.2.4 Implementation of an algorithm for application of Fast Fourier transform for
calculated coefficients of the harmonics.

The cosfiicients are calculated for the data generated by the Simulink model.

8.2.5 Implementation of an Algorithm for application of Inverse Fourier transform
» In order to prove that the caleulated coefficients can generate back the used data the
inverse discrete Fourler transform is used.

8.2.6 Generation of deterforated by harmonics petiodic signal using an injector
Voltage and current were injected from the injector using ImpedoGraph meter in order to
generate data for application of FFT and inverse FFT

- 8.3 Implementation of software
A set of programs developed in MATLAB to calculate the disturbances/ indicators of power

quality are summarized in Table 8.1.

Table 8.1: Programs used for power quality calculation

 Software environment - .. | Purpose’ .-~ 70 - ) M-File/ Name of the program
MATLAB an& MySdL : Power factor éaicufation Power fact.or.(whoie).rn
MATLAB and MySQL Active power calculation Active power .m
MATLAB and MySQOL Voltage Peak calculation {Vpeak} whole.m
MATLAR and MySQL Voltage Unbalance calculation | Voltage Unbalance.m
MATLAB and MySQL Crest factor calculation Crest factor.m
MATLAB and MySQL Apparent power calculation Apparent power work.m
MATLAB Harmonics coefficient Harmonics example.m
MATLAB and .MySQL Harmonics coefficients Harmonics.m
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8.4 Application of the results
+ The investigation and resulls can be applied for education purposes.
« The resdits form a base for providing different research investigations.
+ The results can be applied in distribution network for the design of power systems control
_ and monitoring systems.
8.5 Future Research

The research has shown thal FFT/DFT is viable option to be considered for prediction of power
quality disturbances like harmonics because these methods propose the simplest way to
estimate the signal frequency. The literature research and other sources with bigger experience
in the field of harmonics indicate that FFT is the best solution.

in terms of the power quality standards, the researchers always recommended the 1EC standard
6100-4-30.

Further research can be developed for creation of data acquisition and monitoring system as a
bases for design and implementation of control action far improvement of the power quality
status of a given distribution network.

8.6 Publications
Nduku, N., Tzoneva. R. 2009. “Development of Methods for Distribution Network Power Quality
Variation Monitoring” SAIEE research journal (Submitled o the journal}.

Nduku, N., Tzoneva, R. 2009.” Power Quality Harmonics estimation” PAC magazine (Submitted

fo the journal).
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APPENDICES

List of appendices

APPENDIX A: Single line diagram for the 11kV reticulation network layout.
APPENDIX B: Settings and Programming a DMK 40 Lovato.

APPENDIX GC: Settings and Programming of impedoGraph and ProvoGraph
APPENDIX D: Data Sterage to MySQL

- APPENDIX E: MySQL and MATLAB Program on Comparison of Calculated and Measured

Disturbances for power factor.

APPENDIX F: Calculate Active Power on the basis of measurements of the current and voltage.
APPENDIX G: To calculate Voltage Peak

APPENDIX H: To calculate Voltage Unbalance

APPENDIX I: To calculate Harmonics frorm Simulink

APPENDIX J: To caiculate Harmaonics from Injector

APPENDIX J2:MATLAB and MySQL program harmaonics to coefficients of voltage_1k (Xk) and
plotting the absolute values of the harmonics graphs.

APPENDIX J3: Inverse Fourier Transform (Xn} are used lo check that the calculated coefficients
are right one to generate the data

APPENDIX J4: To calculate error is used to check how estimated signal is to the original data

APPENDIX K: To calculate Crest factor
APPENDIX M: To calculate Apparent power
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APPENDIX A
Single line diagram for the 11kV reticulation network layout.
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Figure A1: CPUT Electrical Reticulation network layout at Beliville campus
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APPENDIX B

Settings and Programming a DMK 40 Lovato.

1. Installation of S'oﬂware
The software is-on CD with two different installation procedures.

Seiupt:

Ciose alt applications running

insert the CD in the drive

From the setup 1 direclory, start the setup.exe program

Press the button with the PC icon to start the installation procedure.

A window is displayed asking the uset to specify the directory in which the user to
instail the program

Follow the instructions

Setup 2:

Close all applications running

insert the CD in the drive

From the setup 2 directory, start the Dmk.msi program

A window is displayed asking the user to specify the directory in which the user to
install the program

Follow the instructions

These different procedures, first setup used in Window 95 and 98 operating systems, second

setup contains new installation procedure for window 98 and 2000 operating system. DMK 40
multimeters and the PC should be able to exchange data on the serial link. Connect the
Rs232/Rs485 converter to the PC. The configuration-options-General serial port seftings window
must match with programmed port of the PC used.

2. Principles

Make sure thdt the data !ogging system is comectly connected and saltings must be transferred
to the network of multimeters connected in the RS485 network.

3. DMK40 Main Page
 The main menu of the meter is shown on Figure B1.
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: DMK4Q Main menu

Figure B1

4, Password

Password

.
.

re B2

Figu

5. Options
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ity disturbances

Settings of Power Qual

Figure B3

6. Data log

Data log

Figure B4
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7. Time and Date Settings.

On this window below, the user selects the penod that you wanis to take the measuremenis.

B e e

Figure B5: Setiings of Time and Date
Then click ok.

8. Uploading Recoded Data

Click to view all. then all the recorded data will be displayed and click to Export to save to Excel

spread sheet.

FigureC? Alarm Events
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APPENDIX C

Settings and Programming of ImpedoGraph and ProvoGraph
1. Software Installation.

To install the software, it requires Windows 2000/XP/ Vista with Java installed. Instali and launch
the software by clicking on java web siart. On subsequent launches Power Quality Recorder
Manager (PQRM) will be automatically updated from ihe internet via Java wek start. No is
password required to install the software.

2. ImpedoGraph Main Page

On this window below the user chooses by himself if he wants to view the harmonics or all the

recordings.

Figure C1: impedoGraph Main Page
3. Connection

On this window below the user chooses which meter he/she want to be connected. If heishe
chooses ImpordoGraph, then he’she has to click to serial porf and to press cornect

Figure C2: Connection
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4, Settings
The user can press configuration 1o sat dates, frequency, CT ratio elc

Figure C3: Saitings

3. Save Address

Click on the save address. io change configuration.

Figure C4: Saving Address

6. Recordings
In this window below, the user can view if all the recordings are on the meter.

Figure C5: Recordings

7. Retrieve data
In this window below, user should press recordings and press retrieve in order to retrieve the

daia
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Click 1o refrieve, then after successiul retrieval the user can be abile to view the records.

8. Uploading Recoded Data

Click to Export to save daia to Excel spread sheset

TT Conkie Buicng Subataton

Figure C7: Uploading the data

Click to excel node in order (0 export the event list to spreadshest

o e

Figure C8: To Export to Spreadsheet.
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APPENDIX D
Data Storage to MySQL
1 MySQL database

MySQL is the mos! reliable and very easy aoftware to be used and it periorms very fast. MySQL
dalzbass allows users to create a relalional dalabase siructure on a web-sever in ordar o siore

data.

2 MySQL Database Manager

The MySQL Daizbase Manager s a controling tool wheraby it [olerates users o creale,
administer and manage MySCL databasss on users websile.
Within fixed support for MySGQL, DBF 1abies, MsAccess, MssQL server, Sybase, ODBC
datzbase engines. tincludes GUI that aclually lets flavored database adminisirators 1o work
quickly and professionally. The fealures of DB Manager are:

e {mport or export data easily from ancther source.

» Diagram designer/ Populaic tables

o Workgroup

*
rod

Aanzgement for databases, tables.

* Database comparer and dalabase controf version system.,

it runs on windows:
+  Windows 98
»  Windows ME
s Windows NT4
s Windows 2003

s Windows XP
3 Creating a database
To create g database select the server that will be used for the database, by clicking onthe

create database icon in the ool bars. Then start wriling the dalabase name in the Alias ground

{Field} and olick ok, as shown In Figure D1
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Figure D1: Overview of DBManager Professional, how to create a database.

The new created dalabase gppears in the workspace window in the Figure D2 below

T
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Figure D2: Overview of DBManager for new created database.

4. Creating a Table

» In DBManager Professional. select the database into which user want to add the
tabie
= (Click the manage database buiton

= Epter field name under the column name, press enfer bution in the keyboard to enter

the next field name.

» (ligk the save bution io save the dalabase table. Figure D3
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Figure D3: To create a table
The figure D4 below, shows the table name on MySQL.

166



i
5

?I
|

uy
i

ﬂ'% ‘
;ill*

Eji

Figure D4: The Table name.
5. Entering Data in the Table.

Click on the workspace after saving the 1able, select the created database. The created list of

tables, will be shown on the details window. Click on the created table called Power Quality

Figure D5: Entering data in the table.

Click gpen lable data under management in the toclbar of the DB Manager Professional spall

6. Importing Text File

To impori data from Excel data to MySQL. the Excel data should be saving as a csv file. Then
just check the saved file using a text editor such as Notepad. Open the Notepad file to see how
looks like, for example to see what delimiter was used.

The figure D6 below shows that the user must click to Tools, then to Data Management and click
again to import Text wizard.

i
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Figure D6: importing Text File to MySQL.

167



The DBManager Professional has the capabilities to import text files, MSAccess as well as

Excel files. This figure D7 (g}, {b) below shows the steps in importing the Excel file
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Figure D7 (a): importing Excel spred sheet file into MySQL.

TR s e e e e
= e e i e Crae D o
D ate. Time and Nember: Formears
O ote Formar SrTeee—— =1 = Drigast v e
O ate O ebrriter 1 D Leading Tercs in Dates
Time D abormiter 1 D mcimal Syentat = |

Thousands Secarator | - \

P esuicticons ‘ C oo ) Coaes— 1}
D on't Import lmes F thes

Bemin with ome of the i

FolDwr D Striras |

1 < Back JE [ g X [l 1
Figure D7 (b): Importing Excel speed sheet file into MySQL.
The Figure D8 below, shows the stored recorded data saved in MySQL.
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Figure D8: The stored data into MySQL

In Figure D9 below, the user selects the database and selecls to create a new table or Import

into an Existing Table by the shown radio buttons. Click Next.
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Figure D9: To create a new table or Import into an Existing Table radio button.
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The figure D10{a}.{b}, shows the daiz stored in mySQL database.
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Figure D10(a): Stored data in mySQL database.
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Figure D10 (b): Stored data in mySQL database.
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APPENDIX E
E. 1: MATLAB script file — mysqgl power factor (whole).m
MySQL and MATLAB Program Power_factor for Comparison of Calculated and Measured
Disturbances
Aim : To calculate power factor and compare with measured power factor

“oht-file- mysql power factor (whole).m

eAuthor: N, Nduku

“institution: Cape Peninsula University of Technology
Y%Date: 2008

“wClearing the scresn and memory
clc

clear

tic;

CONNECTING TO THE DATABASE:

% conn - connecls a MATLAB session o a database via the specHied ODBC driver
% refurns a connachion obiect

% database - MATLAB function used o connect to an CBBG/JDBC database

% exec - returns the cursor chiect {o the variable "cwrs”

% fetch - imporis data from the cursor

% curs.Data - returns the daia at the cursor object

% establishing the connection o the D8 and extracting the required data
% Insening the ussrname and password 1o access the DB
% importing the reguired data from tmpedoGraph into MATLAB using SQL Syntax from a table

named powerfactor.

Phaset Power Factor Fundamental

conn = database{’industrial’, rocl, Admin’)%econnects a MATLAB session o a daiabass viz an
ODBC driver

cursor = exec(conn, SELECT pfund from ayi.pfund?);

setdbprefs('DaiaReturnFormal, numeric);

cursor = fetch{cursor);

YePfund = cursor.Bata;

pfund = cursar.Data;

pfund = pfund(:,1);

conn = database(industrial,'roct, Admin’);%connects a MATLAB session to a database via an
CDBC driver

cursor = exec(conn, SELECT gfund from aylgiund’);

setdbprefs(DataReturnFormat, numeric?),

cursor = fetch(cursor);

%Fiund = cursor.Data:
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gfund = cursor.Data;
gfund = gfund(;,1);

% Calculation of PRI

= length(pfundy};

PF =[l;
for i=1:3;

PF1(i)= pfund(il/{sqrt(pfund(i*2+gfund(i}*2}};
end

PFi"

%% %% % %% % % ST S T % T Ve % Ve Fo % %% 05 % %t T e T T Ve % Y Ve T e % % %o Yo%
Phase2 Power Factor Fundamentat

S Y e e eSS e e e e Y Y ST o Y Ve Yo U U i e Y e e Y e e M Yo B U S Y a9 T B Bh Sh Y Y0

conn = database(indusinal,'rool’,'Admin’)Yeconnecis a MATLAB session 1o a dalabase via an
QODBC driver

cursor = exec{conn,SELECT pfungt from powerqualily. plundt’);
setdbprefs(DataRsturnFormat’, numatic');

cursor = fetch{cursor);

$aPfund = cursor. Data;

pfundi = cursor.Data;

pfund1 = pfundi{:,1);

conn = database(industrial’,'roct’, Admin');%connecis a MATLAB sossion to a database via an
ODBC driver

cursor = exec(conn,SELECT giundt from powerquality.gfundt');
setdbprefs(DataReturnFormat, numeric’);

cursor = fetch{cursor);

3.Pfund = cursor.Data;

gfundt = cursor.Data;

gfundl = qfundi(:,1);

o, Calculation of PF2
a = length(pfund1);

fori=1:a;

PF2(i)= pfund1 (i)/(sqri(pfundt {iy*2+gfund1(i)*2));
end

PF2';

Phase3 power factor fundamental

c;/c DL 3,
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conn = database(indusgirial’ root, Admin’)%oonnects a MATLAB session 10 a database via an
QDBC driver

cursor = exec{conn,'SELECT pfund?2 from powerqualily pfund2);
setdbprefs(DataReturnFormat’ numsnc');

cursor = feich{cursor);

pfund2 = cursor.Data;

pfund?2 = pfund2(;,1};

H

conn = database('indusiria?,'root,'Admin’);%connects a MATLAB session 1o a database viz an
CDBC driver

cursor = exec(conn,’SELECT gfund2 from powerguality. giund2?;
setdbprefs{DataReturnFormat, numeric’);

cursor = fetch(cursar);

suPlund = cursor.Data;

gfund2 = cursor.Data;

gfund2 = gfund?2(:,1);

<, Calculation of PF3
a = length{pfund2);
PF .—_ﬂ;

fori=1:3;
PF3(i)= pfund2(i)/({sart{pfund2(iy*2+gfund2(i}*2}};

end

PF3,;

Qf OF O 0L Q05D 0 0 O B CL G TS OF OF 0 OF S OL QLS OF OF OF GF OF D7 07 Of OF of B G TS 0L T OF O Cf CF OF O af
A IS AT S A N A S A e A e N N N TN A S S N N O N N P A P A

Piotting all phases of power factors in one Graph

A 2 GF P Q) GF F GF DF B OF B OF OF 85 0F OF QF OF O 6/ 0L 81 GF 07 07 BF GF D) 0F OF ) GF 07 0/ G/ G/
e e e s e e e e e Y o e S e e e e S e e T e e Y e e S e e Y e e Yo He Ha Mo %o %

i=1:a;

plot{i,PF1}

title("Caicuiated Power Factor’),
xlabel(time?;

ylabel(pf);

grid

hold on

i=1:a;

plot(i,PF2)

titte("Calcuiated Power Factor);
xlabel(iime’);

ylabel('pf):

grid

hold on

i=1:a;
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plot{i,PF3)

fitle('Calculated Power Facior);
Xlabel(time";

ylabel(pf);

grid

Calculation of the Error between calculated power factor and measured power factor

conn = database(lindustrial, rool "Admin’);%hconnacts 8 MATLAB sassion to a database via an
0DbEC driver

cursor = exec{conn,'SELECT pffund from avipfund?);

setdbprefs(bataReturnFormat’, numeric’);

cursor = fetch{curser};

%Pfund = curser.Data;

pffund = cursor.Data;

pffund = pffund(:,1);

conn = database(industrial’, root',Admin’);%connects a MATLARB session fo a dalabase via an
ODBC driver

cursor = exec(conn, SELECT pffundt from powerquatity pffundt’);
setdbprefs(DataReturnFormat’, numeric?);

cursor = fetch{cursor);

%Piund = cursor.Data;

pffundt = cursor.Data;

pffund1 = pffund1(:,1);

conn = database(industrial’,'root, Admin’);%connects a MATLAB session to a database via an
ODBC driver

cursor = exec{conn,SELECT piiund?2 from powesrguality. pflund2’);
setdbprefs(DataRsturnFormat’, numeric’);

cursor = fetch{cursor);

°aPiund = cursor.Data;

pffund2 = cursor.Data;

pffund2 = pffund2(:,1);

errort = PF1"-pfiund;
error2 = PF2'-pffundi;
errord = PF3'-pffund2;

a=350;

i=1:3;
plot(i,errori) 7
itle{"Calculated error');
xlabel(tims");
ylabel{’errory;
grid
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hold on

i=1:a;

plot{i,errar2)
title('Calculated error’);
xlabel(time?);
ylabel{'srror);

grid

hold an

i=1:a;

plot(i,error3)
title{'Calculated error’);
xlabel(time?;
ylahel('arror);

grid
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APPENDIXF

F.1:MATLAB Script file- Active Power.m

% m-iile:Active Powsr.m

1. Aim of the program: Is to calculate active power on the basis of measurements of the
current and voltage

Clearing the screen and memory

cle .

clear

fic;

% Import data from MySQL database for phases

% esiablishing the connection to the DB and extracting requirad data

% Inserting the ugsername and password to access the DB

% imporiing the required data from ImpedoGraph inio MATLAB using SQL Syntax from a tabie

named activepowar.
Active Power

conn = database(industyial’, roctAdmin);%tconnects a MATLAB session o a database via an
CDBC driver

cursor = exec(conn,'SELECT current_fun from activepower_fun.current_fun’);
setdbprefs('DataReturnFormal, numeric’);

cursor = fetch(cursor);

°:Plund = cursor.Data;

current_fun = cursor.Data;

current_fun = current_fun(:,1);

conn = database(‘industrial,'root, Admin’);%bconnects 3 MATLAB session 10 a database via an
QODBC driver

cursor = exec{conn,'SELECT pfactor_fund from activepower fun.pfacior_fund'’);
setdbprefs('DaiaRaturnFormat’, numeric);

cursor = fetch{cursor);

%Pfund = cursor Data;

pfactor_fund = cursor.Data;

piactor_fund = pfactor_fund(:,1);

conn = database(industrial’, root', Admin’);%connacts a MATLAB session 1o & datebase via an
CBBC driver

cursar = exec{conn,'SELECT voltage_fund from activepower_fun.voliage fund’);

setdbprefs( DataReturnFormat, numeric);

cursor = fetch(cursor);

%Phind = cursor.Data;

voltage fund = cursor Data;

voltage fund = voltage fund(:,1);

%% Calculation of the active pewer for phase 1
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a = length(current_fun);

Activep =[};
fori=1:3;
Activep(i)= current_fun(i)pfactor_fund(iy*voltage_fund(i);
end ’
Activep';

% Powsar Factor

conn = database(industrial, rool’, Admin');%connects a MATLAE session 1o a dalabase via an
O3BC driver
cursor = exec(conn,'SELECT current_funt from activepower_fun.current_funl?);
setdbprefs{'DataReturnFormat’,'numeric’);
cursor = fetch{cursor);
%Pfund = cursor.Data;
current_funt = cursor.Data;
current_funi = current_funi({;,1);

conn = database(industrial, root’,’Admin’)%connects a MATLAR session to a database via an
CDBC driver

cursor = exec(conn,'SELECT pfactor fund1 from activepower_fun.pfacter_fundt?);
setdbprefs('DataBeturnFormat’'numeric);

cursar = fetch(cursor);

%Piund = curscr.Data:

pfactor fundi = cursor.Data;

pfactor_fundi = pfactor_fundt(:,1);

conn = database(industrial’,'rool’, Admin’) %sconnects a MATLAB session to a database via an
CDOBC driver s

cursor = exec({conn,'SELECT voltage _fund1 from activepower_fun.veliage fundl);
setdbprefs(DataReturnFormat, numeric?;

cursor = fetch{cursar);

%Prund = cursor.Data;

voltage fundi1 = cursor.Data;

voltage fundt = voltage_fundi(:,1};

% Calculation of the active power for phase 2

a = length{current_funi);

Activepl =[};

fari=1:g;

Activep1(i)= current_funi(i)*pfactor_fund1(i)*voltage_fundi(i};
end

Activep1’;

% Voltage fundamenial

176



conn = database(industial, root’, Admin’)%connacts a MATLAB session to a datsbase via an
CDBC driver

cursor = exec{conn, SELECT voliage fund?2 from activepower_fun.vollage fund2);
setdbprefs(DataReturnFormat, numeric);

cursor = fetch(cursor);

%Piund = cursor.Data;

voltage_fund2 = cursor.Data;

vaoltage_fund?2 = voltage_fund2(:,1);

conn = database(industrial, roct | ASmin’);%cennects a MATLAB session io a daiabase via an
QDBC driver

cursor = exec{conn,'SELECT currant_fund?2 from activapower_fun.current fund2?);
setdbprefs(DataRsturnFormal, numeric);

cursor = fetch{cursor);

%Piund = cursor.Data;

current_fund2 = cursor.Data;

current_fund2 = current_fund?2(:,1);

conn = database(industrial,'rool,Admin’);%connacts a MATLAB session to a database via an
OBBC driver

cursar = exec{conn,"'SELECT pfastor_fundZ from activepower_fun.pfactor_fund2Y;
seidbprefs(DataRsturnFormat’, 'numeric’);

cursor = fetch(cursor);

°uPfund = cursor.Data;

pfactor_fund?2 = cursor.Data;

pfactor_fund2 = pfactor_fund2(:,1);

% Calculation of the active power for phase 3
a = length(voltage_fund2);

Activep2 ={];

fori=1:a;

Activep2(i}= current_fund2(i)*pfactor_fund2(i)*voltage_fund2(i);
end

Activep2';

Y%Plotting

a=350;

i=1:3;

plot(i,Activep)

fitle('Active Power’)
xlabel{'Number of Points')
ylabel("W")

grid

hald on

plot(i,Activept)

177



title('Active Power)
xlabel{Number of Poinig’)
ylabel{¥")

grid

hold &n

plot(i,Activep2)
title{'Active Power)
xlabel('Number of Poinis))
ylabel("W")

grid

% ERRCR Caloulation

conn = database(industrial’'rool, Admin');%connects a MATLAB session to a database via an
OBBC driver

cursor = exec{conn, SELECT activefund from aclivepower_fun.activelund’);
setdbprefs{'DataReturnFormat’, 'numeric’);

cursor = fetch{cursor);

suPlund = cursor.Data;

activefund = cursor.Data;

activefund = activefund(:,1);

conn = database(industrial’, root, Admin);%connects a MATLAB session to a database via an
ODBC driver

cursor = exec{conn,'SELECT activefundi from aclivepower_fun.activefundt?);
setdbprefs(DaiaReturnFormal’, numeric?;

cursor = fetch(cursor);

2uPfund = cursor.Dals;

activefund1 = cursor.Data;

activefund1 = activefundi(:,1);

conn = database(industrial’, root',Admin’);Jtconnects a MATLAB session to 2 database via an
ODBG driver

cursor = exec(conn,'SELECT activefund2 from activepower_fun.activetund?2');
setdbprefs('DataReturnFormat’, numaeric’);

cursor = fetch(cursor);

soPtund = cursor.Data;

activefund2 = cursor.Data;

activefund2 = activefund2(:,1);

errar =Activep'-activefund
error] =Activepi’-activefund1t
error2 =Activep2'-activefund2

a=350;
i=1:3;

178



plot{i,error)

titte("error between calculaled and measured aclive power’)
xlabel{'Number of Poinis)

ylabel('srror’)

grid

hold on

plot(i,errort}

title{'arror between calculated and measured active power’)
xlabel{'Number of Boints’)

ylabel('error)

grid

hold on

plot(i,error2)

title('error bebween calculated and measurad active power')
xlabel{Number of Points")

ylabel{'error

grid
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APPENDIX G

G.1:MATLAB Script- (Vpeakiwhoie.m

Yom-file: (Vpeakiwhole.m

1. Alm of the modet: {s o calculate Voltage Peak
“%Clearing the screen and memory

cle
clear
tic;
% establishing the connection to the DB and extracting required data

%5 Inserting the ussrname and password to accass the DB

% imporiing the reguired daia from Impedograph inle MATLAB using SQL Syntax from a table

named vpeak.
Program

conn = database(industrial, roo?, Admin')Sconnects a MATLAB sossion to a dafabase via an
ODBL driver

cursar = exec(conn,'SELECT v_rms from ayl.v_rms’);
setdbprefs{'DaiaReturnFormat’, numeric’);

cursor = fetch{cursor);

v_rms = cursor.Data;

v_rms =v_rms(:,1};

;e L= als] IR TR R T R=-2 A AT / s TR TR-T) et 3
e Yo Ve Yo Yo e Yo Y0 Yo Yo T T Vo T e T WS W Yo %

P QOB D B 0L OF 87 O/ OF CF :/ <, o
Yo% %Yo 7o S5%% Z Toto Yoo e ie e oo e

N N A A AN A AT A A NN AN
conn = database(industrial’, rogt, Admin’);%connects a MATLAB session to a database via an
ODBC driver
cursor = exec{conn, SELECT cr_factor from ayi.cr_factor’);
setdbprefs{DataReturnFormat’, numeric’); -
cursor = fetch{cursar);
cr_factor = cursor.Data;
cr_factor = cr_factor(:,1);

2, Calculation of the Voliage Paak for phase 1

a = length{cr_factor);
Vpeakt =[I';
fori=ta; -
Vpeak1(i}= cr_factor(i)*v_rms(i},
and
Vpeakt',
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% The second phase voliage peak
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conn = database{industial’, roor, Admir);%connects a MATLAR session to g database via an
DB driver

cursor = exec{conn,'SELECT v_rms?2 from powerguality.v_rms2’);
setdbprefs{DataReturnformat, numeric);

cursor = fetch{cursor);

v_rms2 = cursar.Data;

v_rms2 =v_rms2(;1);

SO O OO, 04 B4, B O 0 B B B
o /o Y Y

o
fetaie o AT A

.
oY a Y YV Yo% %%

conn = database(’%nduswza%’ roct’ Admiy)%connects a MATLAB session to z database via a
QDBC driver
cursor = exec(conn,'SELECT cr_factor2 from powerquality.cr_factor2’);
setdbprefs('DataRaturnFormat 'numeric’);
cursor = fetch(cursor);
cr_factor2 = cursor.Data;
cr_factor2 = cr_factor2(;,1);

% Calculation of the Voliage Peak for phase 2

= length(cr_factor2);

Vpeak2 =I';
for i=1:a;
Vpeak2(i)= cr_factor2(iy*v_rms2(i};
end
Vpeak?2';
%% G0 T Fo Y Y Tt Yo Te W T 0T To 7o T T e Yo Ta T Te e Y Y060 %5090 % Yo % e o e Y
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conn = database( industrial’,root  Admin);2econnects a MATLAR session {o a database via an
QODBC driver
cursor = exec{conn, SELECT v_rms3 from powerquality.v_rms3);
setdbprefs(‘DataReturnFormat, numeric’);
cursor = fetch(cursor);
v_rms3 = cursor.Data;
v_rms3 = v_rms3{;,1);
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conn = database(findustrial’, root’, Admin');%connects a MATLAB session o a database via an
QODBC driver

cursor = exec(conn,'SELECT cr_factor3 from powerquaiity.cr_factord);
setdbprefs(DataReturnFormat’, numeric’);

cursoar = fetch{cursor);

¢r_factor3 = cursor.Data;

cr_factor3 = or_factor3(.,1);

%%, Calouletion of the Voltagse Peak forphase 3
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a = length{cr_factor3);
Vpeak3 =[1’;
fori=1:a;
Vpeak3(i}= cr_factor3(i}*v_rms3(i);
end
Vpeakd'

o000 - =74 7 af == QI ol Rl S or s, Of 0 O 88 GO a0 ol L ofaf o 0F el oy Of oF o/
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% Ploting all voitage Peak in one graph
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i=1:a

plot(i.Vpeak1);

titte("The voliage peax’);
xlabel{'Number of Poinis?;
ylabel('Vpeak’);

grid

hold on

i=1:a

plot(i,Vpeak?);

title(The voliage peak);
xlabel("Numier of Points");
ylabel('Vpeak');

grid

hold on

i=1:a

plot(i,Vpeak3};

title{'The voltage peak’);
xlabel("Number of Points"),
ylabel(Vpsak');

arid
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APPENDIX H

H.1:MATLAB Script- Veoltage Unbalance.m

“em.file: Voitage Unbalance.m
1 Aim of the model : To calculats the Voltage Unbalance

6Clearing the screen and memaory

cle .

clear

fic;

% establishing the conneclion ip the DB and extracting required dala

% inserling the usarname and password to access tha DB

% importing the required data from impsedoGraph into MATLAB using SQL Syntax from a table

named VoltageUntbalance,

conn = database(findustrial’,'roct’,Admin");2cconnesis a MATLAB session to g database viaan
QDBC driver

cursor = exec{conn,'SELECT rms_vol_avg from voltageunbalance.rms_voltage_avg);
setdbprefs( DataReturnFormat, numeric’);

cursor = fetch(cursor);

%Plund = cursor.Data;

rms_vol_avg = cursor.Data;

rms_vol_avg = rms_vol_avg(:,1);

Yo% Yo S e Y e s e Y e VY e Y YV e T Y Fa e Vo Yo% Yo Yo ta o Yn e Ve Ye Ve Y Ve e Ya%a Ya%e % %o

conn = database(indusirial’, root, Admin’);%connacts a MATLAD session to a database vig an
DB driver

cursor = exec{conn,'SELECT rms_voltage_avgt from volfageunbalance.rms_veltage avgt);
setdoprefs(DataReurnFormal, numeric’);
cursor = fetch(cursar);
%Plund = cursor. Datg;

rms_voltage avgl = cursor.Data;

rms_voltage_avgi = rms_voltage_avgt{.1);

Yo% WYY Y Y Ve Yo Yo %% Yo % o Te %0 e % %0 Y Yo Yo% Yo Y %o MY Ve T o Yo Yo Yo% Yo Yo T e T %e th

conn = database{ industrial’ roct, Admin’);Sconnects a MATLAB session to a database via an
ODbBC driver

cursor = exec(conn,’SELECT rms_voitage_avg? from voltageunbalance.rms_voliage avg2);
setdbprefs('DataRemrnFormat, numeric);

cursor = fetch(cursor);

%Piund = cursor.Data;

rms_voltage_avg?2 = cursor.Data;

rms_voltage_avg2 = rms_voltage_avg2(:,1)
N A P A A o o N A P A AR NI PN NI A P P N AN

% Caloulation of voltage unbalance

Vi=3;

n = length{rms_vol_avg);
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% Vavg1=[];

Vunbalance=[];

fori=1:n: :
Vavg = (rms_vol_avg{i}+rms_voltage avgt(i)+ms_voltage_avg2(i})/Vi;

Vavg1= max{[Vavg-rms_vol_avg(i},Vavg-rms_voltage_avg1(i},Vavg-rms_voltage_avg2(i)]};
% Voitage Unbalance= {(Maximum Deviation from the AverageyAverage™100%

Vunbalance(i} = {{Vavg1)yVavg)*100;
end
Vunbalance'

n=640

i=1:n

plot{i,Vunbalance)
fitle{'Voliage Unbalance’)
xlabel('Number of poinis’)
ylabel('Vunbalance)

grid
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i.1:MATLAB Script- Harmonics example.m

% m.file:Harmonics exampie.m

1. Alm of the maodeal: Is o calculate Harmonics from Simulink
%Clearing the screen and memaory

cle

clear

tic;

sim( ' Ty
N=length{face)';
for k=0:N-1;

n=0:N-1; )
facen=facen+face (n+l) *exp (-1i* (2*pi/N)*n*k);

)
[

acenl{k+1,1l)=Ffacen;
acek=facenl/N;

oh -y B

92

n

plet{abs(facek)};
title('H :

armenisa’);

cek;
ngth (=} ;
n=0:N-1;

for k=0:N-1;
sum=sum+x (k+1) *exp (1* (2*pi/N}*n*k);

end
suml {n+1, 1)=sum;
Xn=suml/1;
and
facek;
Xn;

n=1:N;
ploti{n, facek)
title{'Fzst Fourisr
xlabel ('] )
vlabel('¥k‘);

grid

heold on

n=1:N;
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xlabel(‘t
y1abel(‘¢*f‘)
grid

% Calculations of separate harmonics.

sim{'Tyckisdsd
N=length(face) "'

for k=1:N-1;

facen=0;

for n=0:N-1;

facen=facen+face (n+l}) *exp (-1i*(2*pi/N) *n*k};
end
facenl (k+1,1)=facen;
'a ek=facenl/N;

1

(})

N=length{facek)';
for k=1:N-1;
for n=1:N;

n,k}=facek{k)*exp{i* (2*pi/N) *(n-1) *k);

figure(l)
subplot (10,2,1) jplot (n,xh(:,1));title (' fundarental
marmonic') jsubplot{lC, 2, 2);plotin,xn{:, 2))

subplot {10, 2,3) ;plot {n,xh(:, 3) ) ;subplot (10,2, 8) ;plot (n, xh(:, 4))
subplot{10,2,3);plet(n,xh(:,3});subplot(10,2,6};plot(n,xh(:,6))
subplot(lO,Z,?);plot(n,xh(:,T));Subplot(10,2,8);pEOt(n,xh(:,B))

_subplot {10, 2,9} ;plot{n,xh{:,2) ) ;subplot{10,2,10);plot(n,xzh(:,
subplet (10, 2,11);plot(n,xh{:,11});subploc(l10,2,12);plot{n, xh(:,

10))
123}

subplot{1G,2,13);plot{n,xh(:,13}};subplot (10,2, 14} ;plot(n,xh(:,14))
subplot{10,2,13);ploti{n,xh(:,15));subplot(10,2,16);plot(n,xh{:,16))
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Appendix J1
To call the data from MySQL

J.1:MATLAB Script-Harmonics.m

%em-fileharmonics.m

Aim of the model: is {0 calcuiate Harmonics produced with the help of the injector and
tmpedoGraph

%Clearing the screen and memory

clc

clear

fic;

conn = database(industrial’, root’ Admin'l%connects a MATLAB session {0 a dafabase
vig an OBBC driver

cursor = exec{conn,'SELECT voltages_1 from harmonics.voilages 17;
setdbprefs{DataReturnFormal’, numsric’);

cursor = feloh{cursory;

vollages_1 = cursor.Data;

voltages 1 = voltagas_1{;,1}

conn = database{industrial’, root Admin},%ceonnects a MATLAB session o 3 database
via an ODBG driver

curser = exac{conn, SELECT voltages_2 from harmonics.voltages_2');
setdbprefs{DataReturnFormat’. numeric’);

cursor = felchi{cursary;

vollages_2 = cursor.Data

voltages_2 = voltages_2{:.1)

conn = databaseindustrial’, root’ Admin');%econnects a MATLAE session o a database
via an OBBC driver

cursor = execiconn,SELECT valtages 3 from harmoenics.voltages_3%;
satdbprefs{DataRetumFormat, numeric’};

curser = fefchicursoerh

voitages 3 = cursor.Data;

voltages_ 3 = voitages_3{:,1);
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Appendix J2

MATLAB and MySQL program to coefficients of voltage_1k (Xk) and plotting the
absoclute values of the harmonics graphs.,

J2.1:MATLAB Script-Harmanics.m
“m-filetharmonics.m

conn = database{industrial’,'root’,'Admin'};%connects a MATLAB session to a gaiabass
vig an OBBC driver

cursor = exaciconn, SELECT voliages_1 from harmonics.voltages_17;

seidbprefs{ DataReturnFormat’, numeric’};

cursor = fetohicursor):

voltages_1 = cursor.Datg;

voltages_ 1 = volfages _1{.1}

N=length{voftages_1};
for k=0:N-1;
voltages_1n=0;
for n=0:N-1;
voltages in=voliages_1n+voliages_T{n+1Yexpli"{27p/Ny n'k);
end
voltages _ini{k+1.1}=voilages_1in;
veltages 1k=vollages_int/N;
end
vollages ik

conn = databaseindusirial’, root "Admin'};%connects a MATLAB session to g database
via an QDBC driver

cursor = exac{conn,'SELECT voltages_2 from harmonics.veitages_2';
setdbprefs{‘DataReturnFormat, numeric’); :

cursor = fetch(cursor);

voltages_ 2 = curser.Data;

voliagss_2 = voltages_2{:.1}

N=lengthivoltages_2);
for k=0N-1;
voltages_ Z2n=0;
for n=G:N-1; )
voliages 2n=voliages 2n+veliages_2{n+1) expi-i"{2 pi/Ni'n"k);
end ‘
voitages_2ni{k+1,1}=voliages 2n;
voilages 2k=voliages _2nt/N:
end
voitages 2k

conn = database{industrial, rool 'Admin';;%connects a MATLAB session 1o a dalabase
via an ODBC driver
cursnr = axes{conn, BELECT voltages_3 from harmonics.voltages_ 37,
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setdbprefs{DataReturnFormat, numeric’);
cursor = fetch{cursor);

voltages 3 = curser.Dala;

voltages_3 = voltages 3(.,1);

N=tengthivoliages 3};
for k=0iN-1;
voltages_3n=0;
for n=(N-1;
voltages_3n=voliages 3n+voliages_3in+ 1) exp{-* {2 Ny n*k);
end
voliages_3n1{k+1. Ti=vcHages 3n;
voltagss 3k=voltages 3nliN;
end
voltages 3k;

plot{absivoliagas_1kY)
t#le{'Harmonics'}
xabei{"Harmonic Number)
hold on

grid

plct{abs] voltages_2K})
title{"Harmonics’}
xiabel"Harmonic Numbsar

hold on

grid

lol(abs{ voltages_3kY
fle{"Harmonics'
xlabel{"Harmonic Number’
gtid

% Calculations of separate harmonics

conn = database('Ll

(]

Axntannoo o~ am
daztabise vis an

cursor = exec(conn, ‘SE
setdbprefs (' Dataial
cursor = fetch{cursor);

FEfund = ourser.osata;

voltagel = cursor.Data;
vcltagel = voltagel(:,1);

-

N= leﬂgth(volt i
—:—v- k_ 1;
valt geln =0;
for p=0:N-1;
voltageln=voltageln+voltagel (n+l)*exp{-i*(2*pi/N}*n*k);
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ard

voltagelnl (k+1, i)=voltageln;
voltagelk=voltagelnl/N;

=nd

N=length{vcoltagelk)';

for k=1:N-1; .

for n=1:N;
xhi{n,k}=voltagelk (k) *exp(i*{2*pi/N)*(n-1)*k};

ot
SZIYD

end -

n=1:N;

figure({l)

subplot {10,2,1) ;plot(n,xh{:,1}};title( fu
harmonict)isubplet{10,2,2) ;plot{n,xh{:,2}}

subplot (10,2,3);plot{n,xh(:,3));subplet(10,2,4);plot(n,xh(:,4))
subplot (10,2,5};plot(n,xh(:,5));subplot (10,2,6) ;plot(n,xh(:,6))
subplot(10,2,7);plot{n, xh{:,7));;subplot{10,2,8);plot(n,xh{:,8))
subplet (10,2,9);plot{n,xh(:z,%));subplot{i0,2,10);plot{n,xh{:,10)})
subplot (10,2,11) ;plot (n,xh{:,11)};subplot (10,2, 2);plot(n,xh(:,12))
subplot(10,2,13);plot(n,xh(.,,3)),subplot(lo 2,14);plot(n,xh{:,14))
subplot (10,2,159) ;ploti{n,xh(:,15))

conn = database("

cursor = exec(conn, 'S

setdbprefs (" ZataRet
cursor = fetch(curser);

nd = curscr.Data;

FB27

voltaged = cursor.Data;
voltage2 = voltage2(:,1l};

N=len gth(voltagea)'-
or k 1:N- l,

ta
=O:N-1;
voltage2n=voltageln+voltage2 (n+l) *exp (-i* {2*pi/N)*n*k);

voltage2nl (k+1,1)=voltageln;
voltageZk=voltageZnl /N;
and

N=length({voltagelk)';
for k=1l:M-1;
n=1:N;

1r'e(l)
ot{10,2,1) rplot{n,zk(:,1}};citle( fundarperfa.l
2 @aziv‘) subplot {18, 2,2);plot{n,zxh({:,2))

subplot (10,2,3) ;plot(n,xh{:,3)}; subp‘Ot(lO 2,4);plot(n,xh(:,4))
subplot(10,2,5) ;plot{n, xh(:, 5} ) ;subplot(10,2,6) ;plot(n,xh(:,6))
subplot(lO,Z,?);plot{n,xh(:,7));subplot(lO,Z,S};plot(n,xh{:,S))
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subplot (10,2, 9);plot(n,xh(:, 9} ) ;subplot(10,2,10};plet{n,xh(:,10))
subplot(10,2,11) ;plet(n, xh(:,11}};s5ubplot{10,2,12);plot (n,xh{:,12)})
subplot{10,2,13) ;plot(n,xh{:,13)};subplot(10,2,14);plot(n,xh{:,14}))
subplot (10,2,15) ;rlot{n, xh(:,15)}))

exec{conn,
setdbprefs{'Dzatak
= fetch{cursor);
= cursor.Data;

voltage3l = cursor.Data;
veltagel = voltageld(:,1);

N=length(voltage3)"';
for k=1:N-1;
voltage3n=0;
for n=0:N-1;
voltage3n=voltage3n+voltaged (n+l) *exp (—-i* (2*pi/N) *n*k);
voltage3dnl (k+1,1l)=voltage3n;
voltage3k=voltage3nl/N;

znd

N=length{voltage3k)';

k=1:N-1;

n=1:N;
hin,k)=voltagelkik) *exp (1~ {Z2*pi/N)*(n-1)*k);

figure(l)
subplot{10,2,1);plotin, xh{:, 1)) ;title{’ fundam
harmonic’);subplot (10,2, 2);plot{n,xh(:,2})
subplet (10,2,3);plot(n,xh{:, 3)};subplot(10,2,4);plot(n,xh(:,4))
subplet{10,2,5);;plot(n,xh{:,3));5ubplot (10,2,6) ;plot(n,xn{:,6)}
subplot (10,2, 7);plot{n,xh{:, 7)) ;subplot(10,2,8} ;plot{n,xh(:,8))
subplot{10,2,9);plot(n,xh{:,9));subplot (10, 2,10) ;plot{n,xn(:,10))
subpleor{10,2,11);plotin, xh(:,11} ) ;subplot{10,2,12) ;plot{n,xh(:,12})
subplot(10,2,13) ;plet(n,xh{:,13)};subplet(10,2,14};plot(n,xh{:,14)}
subplot (10,2,15} ;plot(n,xh{:,13)}

Lal
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Appendix J3

Aim: Inverse Fourier Transform (Xn) are used to check that the calculated
coefficients are right one to generate the data

J3.1:MATLAB Script-{Xn).m
Yorn-fite:{Xn).m

conn = dalabase{indusinal’ roo
via an ODRC driver

cursor = exec{conn,'SELECT vollages_1 from harmonics.voltages 1%;
setdbprefsi’DataReturnFormat, numeric’);

curser = fetchicursor),

voltages_1 = cursor.Data;

voltages_1 = voltages_ 1{:,1);

JAdmin');Shconnects a MATLAB sassion o a datahase

N=length{voltages_1);

for k=0:N-1;

voltages_1n=0;
for n=0:N-1;

voliages 1n=voltages 1nwvoliages  H{n+1)"exp{-i"(27pi/N)* n"k};

end
voltages tnl{k+1,1l=voliages 1m;
voltages_ik=voiiages In1/N;

end

voltages_1k;

x=vollages_1k;
MN=lengthix);
for n=0:NN-1;
sum=0;
for k=0:N-1;
sum=sum+x{k+1 7 exp(* (2 pi’N} n*k);
end
sumi{n+1, Tj=sum;
Xnl=sumt/i;
end

conn = database! industrial’, root’, Admin');%connects a MATLAB session 1o a database
via an ODBC driver

cursor = axec{conn,'SELECT voltages_2 from harmonics voltages_2');
setdbprefs{'DataReturnformat, 'numeric’);

cursor = feteh{cursor);

- yoltages 2 = cursor.Data:

voliages 2 = voilages 2(,1)

N=lengthivollages 2}
for k=0:N-1;
voitages _2n=0;
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for n=0:N-1;
voltages_2n=voitages_2n+voliages 2in+1) axpi- {2 piNy n*k);
and
voltages_2ni1{k+i.1l=vcliages 2m
voifages_2Zk=voliages_2nt/N;

end

yoltages. 2K:

xb=voltages 2k;
N=tengthixi);
for n=0:N-1;
sum=0;
for k=0:N-1;
sum=sum+xblke 1 xp(™{2 /N n'k);
ond
sumiinet. H=sum;
XnZ2=suml/1;
and

conn = database{industrial.'roof Admin') Stconnecis a MATLAR session o a database
via an ODBC driver

curser = execiconn, SELECT velteges 3 from harmonics.voltages 3%
setdbprefs’DataReturnFormat, numeric?;

cursor = feichicursory;

voltages 3 = cursor.Daia;

voltages 3 = voltages_3(.1};

N=length{vcltages_3);
for k=0:N-1;
voitages 3n={;
for n=0:N-1;
voltages 3n=voltages_3n+voitages_3{n+11 exp{-™ (2 pi/Ny" nk});
end :
voltages 3ni{ks1,1i=volages_3n;
voltages_ 3k=voltages 3n1/N;
end
voltages_3k;

xg=vcltages 3k;

N=lengthi{xc),

for n=Q:N-1;

sum=0;

for k=0:N-1;
sum=sum+xaik+ 1 expli™ (2 piNy 07k,
end
sumi{n+1,1}=sum;
© Xn3=suml/1;
and
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Appendix J4

Error

Aim: To calculate error which is used 1o check how close the estimated signal is to
the original data

4.1:MATLAB Script-Error.m

*Lr-file Error.m

conn = database('indusirial’'rool'Admin’}%econnsecis a MATLAR session 1o a database
via an ODBC driver

cursor = execi{conn,’SELECT voltages 1 from harmonics.voliages_ 1)
setdbprefs{DataReturnFormat’ numeric;

cursor = fetchicursor);

voitages 1 = cursor.Datg;

voltages_1 = voltages_1{.1}:

N=lengthivoltages_1):
for k=0:N-1;
voltages_1n=0;
for n=0G1N-1;
vollages_1n=voilages_1n+vollages {in+1) exp{-"{27piiN) k)
engd
voltages_1ni{k+1,1)=voliages 1n;
voltages_1k=voitages_int/N;
end
voltages_tk:

x=voliages_1k;
N=length{x);
for n=0:N-1;
sum=0;
for k=0:N-1;
sum=gum-+x(k+ 1) expi*(2"piN) "k},
and
sum1{n+1,1}=sum;
Ani=sumi/l;
end

grrorti=Xni-voliages 1

conn = database{industrial,'root,Admin‘)Seconnects a MATLAB session to a database
via an ODBC driver

.- curser = exec{conn, SELECT voitages 2 from harmonics veltages_27:
seidbprefs{'DataReiurnformal’, numernic’y

cursor = fetehicursary;

voitages_2 = cursor.Data;

voltages 2 = voltages 2{.1};
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N=tength{voliages_2),
for k=0:N-1;
voltages Zn=0;
far n=0:N-1;
voltages_2n=voltages_2n+voliages 2{n+1)exp{-I"{2*pifNy n"K);
end
voliages 2ni(k+1.1)=voltages_2m
voltages 2k=voltages_2n1/N:
end
voitages_2k:

xb=voliages 2k
N=lengthixb};
for n=Q:N-1;
sUmM=0;
for k=0:N-1;
sum=sum+xbik+ 1y exp{i* (2" piNyn7k);
end
sumlinet,)=sum;
Kn2=sumi/1;
end

error2=XnZ2-voilages_2

conn = gdatabase({industial’ rool ,'Admin'y%connacts 2 MATLAB session to a database
vig an ODBC driver

cursor = exec{conn, SELECT voltages_3 from harmanics.voltages_ 3}

setdbprefs{ DataRetumFormat, numeric'};

cursor = feteh{curson),

voltages_3 = cursor.Datlg;

voltages 3 = voitages 3{,1});

N=lengih{voitages_3})

for k=0:N-1:
voltages _3n=0;
for n=0:N-1;
voltages_3n=voliagss_3n+voliages_ 3{n+ 1) exp ({2 piNY' "k}
and

vollages 3ntik+1,1)=voitages 3m;
volizges_Sk=voltages_3n1/N;

erxd

voltages_3k;

- xc=voitages 3K;

N=lengthixcj;

for n=0:N-1;

sum={;

for k=O:N-1;

SuUmM=sum+Xcik+1Yexpli* {2 piN) K},
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and
sumi{n+1,1i=sum:
Xr3=sumiil;

end
Xxni;

An2;
xn3.
errard=Xn3-voilages 3
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AFPPENDIX K
K:MATLAB Script- Crest factor.m

“emi-file: Crest factorm

1. Aim of the model: Is o calculats Crest factor.m

%Clearing the screan and memory

clc

clear

tsc,

% esiablishing the connection to the BB and exiracting reguired dala

% lnserting the username and password (o access the OB

% imporiing the required daia from Impadograph into MATLAB using SOQL Syntax from a table

namead crast factor,

Crest Factor

conn datzbase (':

i an o

cursor = exec{conn,
setdbprefs (' ataRs
cursor = fetch{cursor);

Friyii, = SUrsos L Unta;g

vpeak = cursor.Data;
vpeak = vpeak(:,1l);

curscr exec(conn,
setdbprefs({’DataReturnF
cursor = fetch{cursor};
% = cursor . Data;

cursor.Data;

vrms
vrms = vrms{(:, 1)}

a
c
=

£
oY
£{

= length({vpezak);

[1:

i=l:a;

i)= vpeak (i) /vrms{i);

C

setdbn*eFS( Dzt
cursor = fetch(uLLsor),

vpeak? = cursor.pats;
vpeak2{:,1);

q
i
o
'l
™
1]
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CUursor =
£ 3

vrmsZ = cursor.Data;
vrms?2 = vrms2{:,1});

a = len th(vpeakZ),

cf2 =[1;

for i=l:a;

ef2(i)= vpeak2(i)/vrms2(i};

vpeak3 = cu Data,
vpeak3 = Vpeak3{.,ﬁ)

cursQer = eYEC(conn,'
setdbprefs{®ZataX
cursor = fetch(cursor);

= cux

vrms3 = cursor.Data;
vrms3 = vems3(:,1});

a length{vpeQKB),
cf3 —‘[]f

ylabel ("zi')
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grid
hold on

i=l:a;
plot{i,cf£3}
title('c

xlabel ('®
ylabel ('zZ7)
grid

: iD=
CcursoQr = exec{conn,
setdbprefs (' Sat
cursor = fetch{cursor);
vpeak = cursor.bData;
vpeak = vpesak{:,1};

conn datab

dat

CUrsQer = exe
setdbp?efs('
Cursor = zetch(cursor),
vIms = cursor.Data;
vrms = vrms{:,1);

= lengthivpeak);

;
o i=1:

aj

cf{1)= vpeak (i) /vrms (1) ;

exec(ccn",
setdbprefs{'>
cursor fetuh(cursor)
vpeak? = cursor.Data;
vpeak2 = vpeak2(:,1});

cursor =
setdbprefs('s
cursor = fetch(c
vrms2 = cursor.

vrmsZ = vrmSZ(:

a = length(vpeakl};
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cfZ =[];

for i=l:a;

cf2(i)= vpeak2(i}/vrms2 (i);
end

cf2';

cursor = exec(conn,’
setdbprefs{ ' DataReturs
cursgr = fetch(cursor);
vpeak3 = cursor.Data;
vpeak3 = vpeak3(:,1);

CUrsor =
setdbprefs (' Dat
CUrscr = Fetch(curso*);
vrms3 = curscr.Data;
vrmsd = vems3{:,1);

CUrsor eyec(conn,
setdbprefs (' at
curscr = fetchi{cursor);

crest_factor = cursor.Data;
crest_factor = crest_factor(:,1};

conn = database(‘

cursor =
setdbp refs(‘Dst
cursor = fetchic

crest_factorl =
crest_factorl =




cursor =
setdbprefs (' Gaxn;
cursor = fetchicur
crest_factor3 = cu
crest_factord = cr

errorl = crest_factor-cf!
error? = crest_factorl-cf2?
errord = crest_factor3-cf3!

plot{i,errorl)
title(’E :
zlabel(
ylabel ['cE
grid

hold on

i

i=l:a;
plot{i,error?2)
title(*Z E

ylabel(*cf7);
grid
held on
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APPENDIX M
K:MATLAB Script- Apparent power work.m

%m-iile: Apparent power work.m

1. Alm of the model: Is {o calcuiaie Apparent power

% Clearing the screen and memory

cle

clear

tic;

% establishing the connection to the DB and extracting required data

% Insesding the usemame and password o access the DB

% imporing the required data from Impedograph into MATLAB using SQL Syntax from a table

nameg apparenipower.

*2Omint);Sconnects a2 MATLAE =essgicon to &
exec(conn, 'SE
setdbprefs(*
cursor = fetch(cursoer);
vrmsl = cursor.Data;
vrmsl = vrmsl{:,1);
LAE mzgsi &

conn = dat
datnalbass vi
cursor =

setdbpref
cursor =
irmsl = cursor.Data;
irmsl = irmsi(:,1};

o, Calculation of Apparenip’
a=length(vrmsl);
Apparentp = [];

. Apparentp{i} = vrmsl (i) *irmsl(i};

conn = database |

A==

So WLE o an o«

curser = sxsci{conn,
setdbprefs ('DataResur
cursor = fatch{cursor);
vrmsZ = cursor.Data;
vrms2 = vrms2{:,1};

(;;YA”

conn = database

cursor = exec{conn, 'S
setdbprefs(ToataFstur
cursor = fetch(curser};

irms?2 = cursor.Data;
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irms2 = irms2{:,1};

“%Calculation of Apparenp2’
a=length (vrmsl);
Apparentp? = [];

for L o=l:a;

Apparentp2 (i) = vrms2(i)*irmsZ(i};

end

Apparentp?’

database (':

cursor = gxec{conn,
setdbprefs{’

cursor = fetch{cursor);
vrms3 = cursor.Data;
vrms3 = vrms3(:,1);

exec {conn,
setdbprefs(’ataRksiy
cursor = fetch{cursor);
irms3 = cursor.Data;
irms3 = irms3{:,1);

%Calculation of Apparentnd’
a=length(vrmsl) ;
Apparentpl = [1:
for 1 =l:a;
Epparentpd (i} = vrms3 (i}*irms3(i};

Apparentpd’

ylabel ('Y
grid
hold on

i =1:a;

plot {i,Apparentpi”)

gitle('C it power ')
xlabel(
ylabel (*va')
grid

hold on

i =1:z;

title(’'C
xlzbell
vizbel (*Vx7)
grid
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Error Program

cursor = =xec{conn, ':
setdbprefs (*Ce U

cursor = fetch({cursor};
apparentpowerl = cursor.Data;
apparentpowerl = apparentpowerl(:,1l};

Curser =
setdbprerst‘*
curser = fetch(cursor};
vrmsl = cursor.Data;
vrmsl = vrmsl{:,1};

setdbprefs('*
curscr = fetch(curs or);
irmsl = cursocr.Data
irmsl = irmsl{.,l),

a=length{vrmsl};
Pppafentp = {1;

curser = execlconn,
setdbprefs (‘> REy

cursor = fecch(cursor),
apparentpower? = cursor.Data;
apparentpower? = apparentpowerZ(:,1};

curser
setdbpfefs(‘“ﬁ”

cursor = fetchi{cursor);
vrms2 = curscor.Data;
vrms?2 = vrms2(:,1);

e
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cursor = exXec(conn,
setdbprefs(’'Cay
cursor = fetch{cursor);
irms2 = cursor.Data;
irms2 = irmsZ(:,1);

Eatry

s
\q
t
T
5
[1;]
|—l

rentpZ = []

apparentpoweri = cursor.Data;
apparentpower3 = apparentpower3(:,1};

conn =

da
aE

CRrsor

cursor
vrms3 = cursor.Data;
vrms3 = vrms3({:,1});

€]
il
o

ll

cursor = exec{conn,
setdbprefs('ZztaReturniormat
cursor = fetch(cursor);
irms3 = cursor.Data;

irms3 = irms3{:,1);

1

a=length{vrmsl})
Epparentp3d = []
for i =l:a;

Apparentp3 (i} = vrms3 (1) *irms3{i);
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i =1:z;
plot(i,error2’}
title('Erzror ;
xlabel(
vlabel(':
grid
hold on

i=l:3;
plot{i,error3’)
title(?
xlabel({
vlabel('=sx
grid

A
r

208



References

Abdul Hamid Bhat , Pramod Agarwal 2008, Thres-phase, power guality improvement acide
corverters. Electric Power Systemns Research Volume 78(21:276-285.

A, Grifio, G. Campinelll, D. Lauriz and A Russo 2007, An optimal control sirategy for power
quality enhancement (n a2 competitive envirenment. Electrical Power and Energy Systems
Volume 28{7): 514-525,

Alessandro Ferrsro 2808, Measuring eleclric power quality: Problems and perspectives,
Measurament, Power Systems Rasearch 41(2): 121-129.

Augusto Santiago Cerqueira, Danton Diegoe Ferreira, Mois“es Vidal Ribeiro and Carlog
Aucuste Dugue. 2608, Power quality events recognition using a SVM-based method. Electric

Power Systems Research, 78(9):1546-1552.

A, sfandiart, M. Parniani, A, Emadi. and H. Mokhiai.2009. Application of the Unified Power
Quaiity Conditioner for fitigating Electric Arc Furnace Disturbances.

hitn://scholar.google.co.za/scholar[2009-08-18],

Alexander V. Mamishev, (2009), Classiication of Power Quality Events Using Optimal Time-

Frequency Representations hifpyiwww.es washinglon.edu

A, Moreno-Munoz, M.D. Redet and M. Gonzalez Power Quality in High-tech Camgus: a case
study. hito:Ywww.citeulfke org/article/586C52{2005-07- 151

Ambra Sannino a,”. Jan Svensson b, Tomas Larsson ¢, 2003, Power-electronic solutions 1o

nower guality problems, Electric Power Systems Research, 68{1):71-82.

AM. Gaouda, {2008), Power system distwbance modeling under dersguiated snvircnment,

Journal of the Frankdin institute, 344 :507-518.

Andrew G Meikleiohn {2608}, Monitoring of Distribution System Power Quality

http/innovexpo.fles yg.edu.ay

207



Arraie Munoz, Raphael Ertie and Michast Unser, 2002, Continuous wavelet transform with
arbitrary scales and CiN} complexity, 82:749-757.

A, Gritin, G. Carpinalli, D. Lauria, A, Russo, 2007, An optima! contral strategy for power guality
enhancement in a competitive environment. Electric Power Systems Besearch. 28(71:514-
525, Seplember.

Ardiiaga, J., &Watson, N 2003: * Power System Harmonics,” J. Wiley & Sons, Uid.

Ashok Sundaram, Dan Sabin, Mark McGranaghan (2009-07-08), A Systems Approach to
Power Quality Monfioring for Performance Assessment. hitp:/www dranetzbmi.com

B. Boulet, P. J. Hacksel, J. M. Wikston.1997. Pedorming Accurate Power Quality
Measurements , Proceedings of the First South African Power Quality Conference,
12-14 May 1997. Durban:Scuth Africa.

Boknam HA, Shinycol PARK, Changhoon SHIN, Seengchul KWON, Soyeong PACK, 2007,
Powsar Quality Monitoring on Distribution Network Using Distribution Automation System. 197
internaticna!l Conference on Electricity Distribution, Viena, 12-24 May20Q7, Paper 0428,

B. P. Alencar. J. . Gomes Fiho, B. A. Mglo, and R. P. S. Ledc. 2009. A Flickermetsr Design
on LabVIEW Based on IECE1000-4-15. hitp/Avww.dee ufc.brf2008-07-10]

Bulien, H. J., Gu, Y. H. {2005}.Signa! Processing of Power Quallly Disturbances. Brazi

Carmen STANESCU, Sorin Cristian PISPIRIS, Dorel STANESCU. 2007, Power Quality
Monitoring Sysiem at the Transmission and Distribution  interface, 197 International
Conference on Electricity Distribution, Viena.21-24 may 2007, Paper (544,

Christopher J. Melhorn, Mark F. McGranaghan (2009}, Interpretation and Analysis of Power

Quatity Msasurements, hiip//wwwy dranetz-bmicom

C. Sharmeela. MR Mchan, G.Uma and JBaskaran .2006. A Ncvel Dstection and
Classification Algerithm for Power Quality Disturbances using Wavelats, American Journal of
Applied Sciences 3, 104:2048-20353,

208



C.N. Bhende, S. Mishra, B.K. Fanigrahi (2008} Detection and classification of power quality
disturbances using S-ransiorm and modular neural nstwork, Electric Power Systems
Research Volume 78{1)1:122—128.

Dong-dun Won, 11-Yop Chung, Joong-Meon Kim, Sson-Ju Ahn, Seung-i1 Moan., {2006}, A
Modified Voltage Sag Duration for Power Quality Diagnosis.

Dong-Jun Won, 11-Yop Chung, Joong-Moon Kim, Seon-Ju Ahn, Seung-11 Mogon, Jang-Chegl
Seo and Jong- Woong Choe. (2008-06-25). Power Quality Moniloring System with a New

Distributed Monlioring Struciure.

Dogan Gokhan Ace, and Omer Nezih Gerek, {2003). Powsr Quality Using An Adaptive
Decompoesition Structure. (international Conference on Power Syslems TransientsjIPST in

MNaw QOrieans, USA htp/faww.mm anadolu.edu.

Dugan, R. C.. McGranaghan, M. FL& Beaty. H. W. 1836 “Eleclrical Power Systems Quality,”
McGraw-Hifl.

£.R. "Randy” Collins, Alex WMcEachern (2003: 8) Standardizing Power Quality
Monitoring and Measurement Methods. 2005 IEEE T&D Conference,

Emilio Ghiani, Falbrizio Pilo. Gian Giusappe Soma, and Gianni Celli. (2007). Power Quaiily
Measurements Performed on a lLarge Wind Park at Low and Medium Voltage Level

hitnirwanw.inst org

E. Muljadi and H.E. McKenna, 2001, (NREL/CP-500-30412) Power Quality Issues in a Hybrid
Power System, Prasented at the /EEE—IAS 2007 Conference. Chicage, iilionocis September
30.2001-October 4,2001.

Einise Forbes and Andre Yan Schaik{2000) Fourier Transform and Wavele! Transform for the
Tima-Frequency Analysis of Eat Echclecation Signals.hitpwww.eelab.usyd.edu

Ferruccio ViiA, Adatberte Porrino, Riccardo Chiumeo, Stefano Malgaroth (20085, The Power
Quality Moniioring of the MV Network Promoted by the Italian Regulator. Objsciives,
Orgarisation tssues. 18 International Conference on Electricity Distribution, Vienna, 21-24

may 2007.Paper G042,

208



F. Choong, M. B. | Beaz 2005, implementation of Power Qualily Disturbance Classifier in
FPGA Employing Wavslet Transform, ANN and Fuzzy Logic. 3rd Internationat Conference:

Sciences of Electronic, Technologies of Information and Telscommunications,

Hasan GHulmi, 2008, PC-Based Measurement System for Monttoring of Power Quality on 500
KW Nordtank Wind Twbine Using LabVIEW Software. Unpublished Mss thesis, Denmarks
Technical Univarsily, Denmark.

Hariit Singh Birdi, {2008), Power Quality Analysis Using Relay Recorded Data, Unpublished

Wsc thesis, Universily of Saskaichewan, Saskalichewan (Canada).

H.K. Sui and T.8. Chung {2007}, Design of an Automalic Power Quality Monitoring System by
Using Integrated Approach. International journal of Electrical and Power Engineering. 4:443-454,

Masoud Aliakbar Golkar {2009 Power Quality in Electric Networks: Maniloring, and Standards
hitpleraw icrena. comvicrenaQ7/273 aligkbar. pdf

darius Pislary 1, Alexandru Trandabsat 2, Stefan Ursaghe2 (2009}, FUZZY EXPERT SYSTEM
FOR POWER QUALITY ASSESSMENT. hitp/iwww imeko.org/publications1c4-2007AMEKC-
TC4-2007-188.pdf

M. Emin Meral . Ahmst Teke, K. Gagatay Bayindir and Mehmat Tumay, 2009, Power quality
improvement with an extended custom power park. Electric Power Systems Research, Yolume

79{11}1:1553-15580. November,

Mohammed E Salem. Azah Mohamed and Salina Abdul Samad, 2009, Power Quality
Disturbance Detection Using D3P Based Continuous Wavelet Transform.Journal of Appiisd
Science. 8:893-802.

tMchammed E Salem, Azah Mehamed. Ong Si Mei {2007} Real Time Power Quality Disfurbance
Analysis with the C6711 DSK and Matlab Diip/fwww .csiseemalaysia.crg

Mohd TR, MohamadA.C, AhrmadKAJAJ, Mohd LD, WMchamad FBAR (2009 Power

Quality Measurement Mathods.

210



M. H, J. Bellen {2003). What is Power Quality?, Eleclric Power Systems Research | 66{1):5-
14.

M.Th.Schilfing, P. Gomss 1895, An approach fo bulk power systems performance

assessment. Blectrical power systems Research, 32(2): 145-151.

Minas Patsalides, Andreas Stavrou and George E. Georghiou. {2009). Powsr Quality Survey
throughout the Distribution Network i the Presence of  Photovaliaic  Systems.

hipwww. pvischnology.Uuoy.ac

M. Wang, G | Rowe, and A. V. Mamishev. 2008). Real-Tims Power Cuality Waveform

Recognition with a Programmable Digital Signal Processor, http://www ee washinaton edu

Murat Uyar, Sslcuk Yildirim and Muhsin Tunay Gencoghi ,2003, An expert system based on G-
transform and neural nelwork for automatic classification of power quality disturbances, 36;
5362-5575

Westin Westminster » Westminster, CO (February 18 - 19, 2009) Power Qualtty Engineering.

hitn/iwww. pmaconference.com

K.A. Nigim and G.T. Heydt. (2602) Power quality improvement using integrai-PWM

control in an AC/AC voltage converter. Electiic Power Systems Rasearch. 63(1): 65-71

K. Kahie, CERN, Geneva, Swilzerland {2009}, Disturbances and Power gquality of the 18kV
CERN Figctrical network and 400:230V UPS Distribution System for LHGLHC.

Kevin Lee, 2008. Powsr Qualily Analysis and New Harmonic and Unbalance Control of
Modern Adiustagle Speed Drives or Uninterrupticle Power Systems Under Nonideal
Operating Conditions. Unpublished PhD thesis, University of Wiscensin, Madison.

K. Debnath M. Negnevitsky K. Ho C. Jun, {2008;. RECOGNITICN COF POWER QUALITY
DISTURBANGCES. niftpiwwew.ilee.ug.eduay

211



Sanae Rachka. Eloi Ngandui, Jianhong Xu, Pierre Sicard 2003, Performance evaluation of
harmenics defection methods appiied to harmenics compensation in presance of commaon

power qualily préb%emsi Maihematics and Computers in Simuiation. 63(3-5): 363-375

S.Antila, K. Kvikko, P. Trygg, A KMakinen and P, Jarveniausta. (2609), Powser Qualily
Monilering  of Distributed  Generalion  Units  Using a  Web-based Application,

hipiwww. ileeug edu.au

Sergio Herraiz, Luls Sainz, Luis | EBguiluz, Maric Manana, 2008, Apglication of the Short-
Term Discrate Fourier Transfarm to AC Arc Furnance Power Quality Studies, 13:1411-1415.

Shamsem Anmad Lone, Mairaj Ud-Din Mufti, 20086, Power quality improvement of a stand-
alone powsr system subiecied to various disturbances. Journal of Power Sources Volume

IS8N 378-7753 CODEN JPSODZ, 163(1) 1804815

S. Herraiz1, J. Meiéndezi, J. Colomert, Marc Vinyolest, J. Sénchez2 and M. Casto?

{2009, Power Quality Moniforing in Distripution Systems, hitp/fwww asdie org

S.M. Beza Rastegar. Ward T. Jewsil, (2001), A new approach for suppressing harmonic
disturbances in distribution system based on regression analysis. Electric Power Systems
Ressarch 59(31:1685—184, Getober 31.

Saiory thara and Walter J. Ros, {2008), Distribution Series Capacitors for improved Power

Guality

H-Yop Chung, Dorg-Jun Won, Joong-Moon Kim, Seon-Ju Ahn, Seung-it Maon. 2008.
Development of a Network-Bassd Power Quality Diagnosis System. Electic Power
Systems. Reszarch, Wichiia, K&, USA. 77{8): 10851084,

PK. Dash, S.K Panda, A.C. Liew, B. Mishra and RK. Jena 1898, A new appreach to

monitoring electric power quality, Electric Power Systems Research, 48{1): 11-20.
PK Dasha AC Lewa, MMA Salamaa. B.R Mishrab, RK lena 1689, A new
approach 1o identification of fransient power quality problems using linear combiners,

Etaclric Power Systems Research, 51(13: 1-11. Jurne 1.

212



Przemyslaw Janik, Zbignlew leonowiez, Tadeusz Lobos, Zbigniew Waclawek. (2009}
Anzlysis of Influence of Power Quality Disturbances Using a Neuro-Fuzzy System.
hiip/zeti Qlipeg.pwrwrog pliartB82-121 .odf

Pedro M. Ramos *, A. Gruz Serra, 2009, Comparison of frequency estimation algorithms for

power guality assessment. Measurement . 42: 13121317,

Rafael. A. Flores, (2008}, State of the Art in the Classification of Power Quality Events.

hiip//scholar google.co.za/scholar

R. Schainker , 1010827 Technical Update, March 2005 (2009) Voitage Sags, Swells, and

Interruptions Characterized in DPQ Phase i Project hiip:/mydocs epri.com

R. Ei Shatshat, M. Kazerani, M.MA. Salama, 2002, Power quality improvement in 3-phase
3-wire distribution systems using modular active power filter. Electric Power Systems
Rasearch. 61(3): 185184, April 28

R. Koch and P. Johnson {2007. Development of PIESA standards for technical reguiation of
power quality , PIESA-IERE Africa Forum, Victoria falis Zambia.

Julio BARROS. Enrique PEREZ, Aiberto PIGAZO {2009) Real Time System for Identfication
of power quality disturbances, 17 International Conference on Electricity Distribution, 12-15

may 2003, Spain.

Serkan Gunal &, Omar Nezih Gerek b, Dogan Gokhan Ece b, Rifat Edizkan ¢ 2602, The
search for optimal fzature set in power quality event classification. Expert Systems wid
Applications, 36:10285-10273.

Yuan Liao {2009} Automated Analysis of Power Quality and Transmission Line Fault

Location. http/proguest umicom/pgdwebd

M. Negnevitsky K. Debnath J. Huang M. Ringrose (2002} Studies of Power Quality

Disturbance Recognition hitodwww itee ug. edu.

213



Tomag Raditt, Vaclay Matz2, Pedro Rames1.3, Fernando M. Janeirol.4, A. Gruz Serral .3
{2008}.Developmertt of a Real-ime Power Quality Monitoring Instrument for Detection and
Ciassification of Disfurbances in a Single-phase Power System.

Thavaichai Tayiasanani, 2006, Methods for Delscling Sources of Power Quality
Disturbances.Unpublished PhD thesis, University of Alberta, CHlawa (Canada).

Omer GUL, Mehmet BAYRAK, Power Quality and Neutral current problems from
Unbalanged and Nen-Linsar loads in Three- phase power systems.hitp:#www.cired-s2.org

R Venkatesh, Power Quallly lssues and Grid interfacing of Wind Electric Generators

hitoiveww. colonline.comypdis/poweriand weaen.pdl

Min Wang (2004} Patiarn Recognition Methodology for Network-Based Diagnostics of
Power Quality Problems. hiip//www.ee washington.edu

MATHIEU VAN DEN BERGH, GREG SENKO (2009), Will EN 81000-3-2 Amengment 14

bring standards reliel. htip/www.ewh.iese.org

rane Yu-Hua Gu, Emmanouil Styvakiakis, 2003, Bridge the gap: signal processing for
power quality applications, Electric Power Syslems Research, 86(10): §3-96.

Ricardo Lima, Damia’n Quircga, Claudio Reineri, Fernande Magnage, 2008, Hardware and
software architecture for power quatity analysis, Computers and Elacirical Enginesring,
34{6Y: 520~53Q,

Z. Morave] , 5.A. Banithashemi, M.H. Velayat, 2008 Power guality evenis classification and

recognition using a novel support vector algorithm, Energy Conversicn and Management
50(12): 3071--3077.

214



	Declaration
	Abstract
	Acknowledgements
	Dedication
	Table of contents
	Glossary 
	Nomenclature
	Chapter 1: Background aim & objectives of the thesis
	Chapter 2: Power quality
	Chapter 3: Power quality monitoring
	Chapter 4: Standards for power quality measurements & power quality protection & application
	Chapter 5: Data collection
	Chapter 6: Calculation of power quality parameters (indicators)
	Chapter 7: Fourier analysis & harmonics
	Chapter 8: Conclusions & future direction of research
	Appendices



